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Abstract
Transgenic brom oxynil-, glufosinate-, and glyphosate-resistant crops have 
been com m ercialized and grown extensively in the  W estern Hem isphere 
and, to  a lesser extent, elsewhere. Brom oxynil-resistant crops have been 
rem oved from  the market. Few new herbic ide-resistant crops (HRCs) are 
likely to  be in troduced in the near future. G lyphosate-resistant co tto n  and 
soybean have becom e dom inant in those countries where they  can be 
grown. Previous and po ten tia l effects o f g lu fosinate and g lyphosate  on 
contam ination o f soil, water, and air are m inim al, com pared to  tha t caused 
by the herbicides tha t they replace when HRCs are adop ted. N o risks have 
been found  w ith foo d  o r feed safety or nu tritional value in p roducts from  
currently available HRCs. Both g lufosinate- and glyphosate-resistant crops 
prom ote  the  adop tion  o f reduced- or no-tillage agriculture. In the  U.S.A. 
and A rgentina, the advent o f g lyphosate-resistant soybeans resu lted in a 
sign ificant shift to  reduced- and no-tillage practices, s trong ly reducing 
environm ental degradation  by agriculture. W eed species in HRC fie lds  
have shifted to  those tha t can m ore successfully w ithstand g lyphosate  o r to  
those tha t avoid the  tim e  o f its application. O ne species has evo lved 
resistance in glyphosate-resistant crops due to  selection pressure from  
glyphosate. HRCs have a greater po tentia l to  becom e p rob lem atica l as 
vo lun teer crops than do conventional crops. In canola, herb ic ide  resistance 
transgenes have been found  in fie lds o f canola th a t are supposed to  be 
non-transgenic. Under som e circumstances, transgene flow  (in trogression) 
to  plants tha t m igh t becom e problem atica l in natural ecosystem s may be 
the  largest risk o f HRCs. The HRC transgene itse lf is h igh ly un like ly to  be a 
risk in w ild  popu lations, bu t when linked to  transgenes tha t m ay im part 
fitness benefits  ou ts ide  o f agricu lture, natural ecosystems cou ld  be 
affected. The deve lopm ent and use o f failsafe introgression barriers in 
crops w ith such linked genes is h igh ly encouraged.
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Riassunto
Piante transgen iche resistenti ad e rb ic id i quali il brom oxin il, il g lufosinate 
ed il g lifosa te  sono già da tem po  in com m ercio e sono coltivate in maniera 
estesa ne ll'em isfero occidenta le  e anche, un po ' meno, altrove. Le colture 
resistenti al b rom oxin il sono state rimosse dal m ercato, m entre sono poche 
le nuove co ltu re  resistenti ad altri e rb ic id i che stanno per essere in trodo tte  
in un prossim o fu turo . C otone e soia resistenti al g lifosa te sono d iventa ti 
dom inan ti in quei paesi dove è stata approvata la loro coltivazione. Gli 
e ffe tti po tenzia li del g lufosinate e del g lifosate sulla contam inazione del 
suolo, de ll'acqua , e de ll'a ria  sono m in im i quando si adottano colture 
resistenti ag li erb ic id i (CRE), se con fronta ti con quelli causati dagli erb ic id i 
che vanno a sostitu ire. Non sono stati r ipo rta ti rischi per la sicurezza deg li 
a lim enti o dei m angim i, o variazioni dei valori nutrizionali nei p ro do tti 
derivanti da colture transgeniche attua lm ente  'd is p o n ib ili resistenti agli 
e rb ic id i. Sia le p ian te resistenti al g lifosa te che al g lu fosinate favoriscono 
I'adozione di un 'agrico ltura basata sulla m inima o nulla lavorazione del 
te rreno  (no-tillage). N eg li Stati Uniti ed in Argentina I'avvento della soia 
resistente al g lifosate ha po rta to  ad uno spostam ento s ignificativo verso 
pra tiche d i "reduced o r no -tilla ge ", con una conseguente riduzione della 
degradaz ione de ll'am b ien te  da parte de ll'agrico ltu ra . Nei cam pi coltivati 
con p ian te  resistenti agli e rb ic id i la popo laz ione delle  specie infestanti ha 
sub ito  uno spostam ento verso que lle  che piü fac ilm ente riescono a 
sopporta re  il g lifosa te o che evitano il m om ento  della sua applicazione. 
Com e conseguenza de ll'aum enta ta  pressione di selezione si è sviluppata 
una in festante con resistenza al g lifosate. Le CRE hanno un m aggiore 
po tenzia le  per diventare infestanti di quan to  non accada per le colture 
convenzionali. Nei caso della colza, i geni che conferiscono resistenza 
a ll'e rb ic ida  sono stati trovati anche nei cam pi dove si suppone sia stata 
coltivata so lo  colza non transgenica. In alcune circostanze il flusso di 
transgen i (in trogress ione) verso p ian te  che possono d iven ta re  un 
prob lem a nell'ecosistem a naturale può rappresentare il rischio m aggiore 
per questo  t ip o  d i p ian te transgeniche. È a ltam ente im probab ile  che il 
transgene  che con ferisce  resistenza a ll'e rb ic id a  possa da solo 
rappresentare un rischio per le popo laz ion i selvatiche, ma quando legato 
a transg en i che possono con fe rire  bene fic i d i fitness al d i fuo ri 
de ll'ag rico ltu ra , I'ecosistema ne po tre bb e  essere influenzato. Lo sviluppo 
e I'adozione di barriere per evitare il p rob lem a de ll'in trogressione in 
co ltu re  con questo t ip o  di geni legati tra loro è fo rtem ente  incoraggiato.
1. INTRODUCTION
O nly tw o types o f transgene-conveyed tra its fo r crops have so far had a 
sign ificant e ffect on agriculture: herb ic ide resistance and insect resistance 
(Gutterson and Zhang, 2004). The term  'herb ic ide-res is tan t c rop ' (HRC) 
describes crops m ade resistant to  he rb ic ides  by e ith e r transgene  
techno logy  o r by selection in cell or tissue culture fo r m utations th a t confer 
resistance. HRCs are som etim es called he rb ic ide -to le ran t crops. M ost o f 
the  success and controversy abou t the safety o f HRCs surrounds transgen ic 
HRCs, so this review will concentrate on these products. HRCs have been 
the  sole subject o f num erous reviews (e.g., Dekker and Duke, 1995; Duke 
e ta l., 1991, 2002; Duke, 1998, 2002, 2005; Dyer e ta /., 2002; Gressel, 2002b; 
Hess and Duke, 2000; Silvers et al., 2003; W arwick and M iki, 2004), tw o  
books (Duke, 1996; M cClean and Evans, 1995), and a special issue o f the 
journal Pest Management Science  in 2005. Gressel (2002a) covered many 
aspects o f HRCs in his book on the  m olecular b io lo gy  o f w eed contro l. A  
recent review covered agronom ic and environm enta l aspects o f HRCs 
(Schiitte et al., 2004). O ther reviewers have discussed the  environm enta l 
im pacts o f all transgen ic crops, w ith coverage o f HRCs (e.g., C a rpen te r et 
al., 2002; Uzogara, 2000). Lutman e t al. (2000) and Kuiper e t al., (2000) 
published b rie f reviews o f the environm enta l consequences o f g row ing 
HRCs. M eyer and W olters (1998) reviewed the  eco log ica l effects o f 
herb ic ide use associa ted w ith HRCs. N one o f these pub lica tions have 
focused solely on an in -depth  assessment o f the  po ten tia l environm enta l 
im pacts o f all aspects o f HRCs.
The present review will no t be encyclopedic, as there are thousands o f 
po ten tia l references re lated to  this top ic . N o t all in fo rm ation  th a t w e would 
like to  discuss is available in c itab le  sources. W e will no t discuss the 
regulatory process fo r approval o f HRCs in the  many countries tha t 
regulate the ir approval. W e w ill try  to  discuss the m ost im p o rtan t and 
germ ane literature, a long w ith selected examples. The chem ical, the 
transgene, and the  w eed m anagem ent (e.g., changes in tillage ) aspects o f 
HRC environm enta l im pacts will be covered. W e will refrain from  discussing 
d iffe ren t form ulations o f the  herbicides, as the  actual com position  o f 
additives to  these products, o ther than the  active herb ic ide  ingredients, 
are trade  secrets and can vary between geograph ica l reg ions and can 
change w ithou t notice to  the  user.
The p o te n tia l env ironm en ta l im p ac t o f a te c h n o lo g y  is o ften  
geograph ica lly  an d /o r tim e  dependent. Thus, ex trapo la tion  o f th e  results 
and conclusions o f studies to  all situations is im possib le. The best we can 
do  is make generalizations from  reported  studies th a t may n o t cover every 
situation.
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Analysis o f im pact cannot be done  in a vacuum. Thus, we will at tim es 
con trast certa in risks o f HRCs w ith the  risks tha t HRCs displace. Lastly, we 
w ill de-em phasize  brom oxynil-resistant crops, as the last o f these products 
w ill be rem oved from  the m arket by 2005. The view poin ts in this analysis 
are those  o f the  authors and are no t m eant to  reflect those o f our 
em ployers.
2. AVAILABLE AND FORTHCOMING HERBICIDE-RESISTANT CROPS
Before w e can consider po ten tia l environm enta l impacts, we must know 
w hat produc ts  are be ing discussed. The first transgen ic HRCs, brom oxyn il- 
resistant co tton  in the  USA and glufosinate-resistant canola in Canada, 
were firs t m arke ted in 1995. Since then, HRCs made resistant to  o ther 
herb ic ides, using d iffe ren t genes, have becom e available in N orth  Am erica 
(Table 1). W e are aware o f no HRCs ou ts ide  o f the  U.S.A. tha t are no t also 
available in the  USA. In all cases o f transgenic HRCs, except fo r some 
g lyphosate -res is tan t maize varieties, the transgene con ferring herb ic ide 
resistance has been o f bacteria l origin .
2.1. Bromoxynil-resistant crops
B rom oxyn il (3 ,5 -d ib rom o-4 -hyd ro xybe nzo n itrile ) inh ib its  the  e lec tron  
transp o rt o f photosystem  II (PSII) o f photosynthesis (Fedtke and Duke, 
2004). It is considered a selective herbic ide, in tha t it kills only certain p lant 
species at recom m ended app lica tion  doses, inc lud ing many crops. It is 
much m ore  active on d ico ty ledonous plants than on grasses. Thus, 
b rom oxyn il-res is tan t d ico ty ledonous crops, such as co tton  or canola, 
w o u ld  g ive  the  fa rm er o f these crops an added  to o l fo r  w eed 
m anagem ent. Unlike many o ther PSII inh ib ito r herbicides, only one weed 
species is known to  have evolved resistance to  brom oxyn il (Heap e t a/.,
2004). It is n o t a low  dose rate herb ic ide  (Vencill, 2002).
Crops were m ade resistant to  this herb ic ide  w ith a transgene from  the soil 
m icrobe Klebsiella ozaenae tha t encodes a nitrilase tha t converts the 
benzon itrile  to  a non-phyto tox ic  benzoic acid derivative (3,5-dibrom o-4- 
m ethoxybenzo ic acid) (Stalker et a!., 1996). Crops transform ed w ith this 
gene can resist a m ore than ten -fo ld  dose o f brom oxyn il tha t is norm ally 
lethal. B rom oxynil-resistant co tton  was grown in the  U.S.A. until 2004, and 
b rom oxyn il-res is tant canola was sold in Canada until 2001 (Table 1). 
C om pany m ergers  resu lted in the  same com pany p ro du c ing  bo th  
b rom oxyn il-res is tant and glufosinate-resistant crops. Brom oxynil-resistant 
crops were d iscon tinued  fo r econom ic reasons.
The a d o p tio n  rate o f these products was never very great, as it on ly allows
Table 1. Herbic ide-resistant crops tha t have been o r are now available to  
farmers in N orth Am erica, (adapted from  Duke, 2005)
Herbicide or herbicide class Crop Year made 
available




C yclohexanediones (sethoxydim )3 maize 1996














sun flow er 2003
Sulfonylureas3 soybean 1994
Triazines3 canola 1984
1 scheduled to be withdrawn after 2004
2 withdrawn after 2001
3 not transgenic, not all o f these non-transgenic HRCs are still available
4 never grown by farmers, withdrawn in 2004
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th e  farm er to  add ano the r selective herb ic ide to  others available fo r these 
crops. Farmers te n d e d  to  use brom oxyn il w ith these crops only when there 
was a particularly b rom oxyn il-susceptib le  weed species spectrum.
2.2. Glyphosate-resistant crops
G lyphosate (N -[phosphonom ethyl]g lyc ine) is a very effective non-selective 
herb ic ide . Prior to  th e  in troduction  o f glyphosate-resistant crops, it was 
used in non-crop s ituations, be fore p lan ting  the  crop, or w ith specialized 
app lica tion  eq u ip m e n t to  avoid con tact w ith the  crop (Duke, 1988; Duke et 
al., 2003a; Franz et al., 1997). It inhib its the  shikim ate pathway by inh ib iting  
5 -eno lpyruvyl-sh ik im ate -3-phosphate  synthase (EPSPS). This results in 
reduced arom atic am ino  acids and de regu la tion  o f the pathway. The la tter 
e ffec t causes a m assive flo w  o f carbon in to  the  pathway, w ith  an 
accum ulation o f high levels o f shikim ic acid and its derivatives. G lyphosate 
is particularly e ffective  because m ost plants m etabolica lly degrade it very 
slow ly or no t at all, and it translocates well to  m etabolica lly active tissues 
such as meristems. Its relatively slow m ode o f action allows m ovem ent o f 
the  herb ic ide th ro u g h o u t the p lan t be fore sym ptom s occur. G lyphosate is 
on ly  used as a post em ergence herbicide, as it has little  or no activity in 
soil. It is not a low dose rate herbic ide. G lyphosate is an anion and is sold 
as a salt w ith d iffe re n t cations (e.g., isopropyl amine, trim ethylsu lfon ium , 
d iam m onium ). F ind ing a glyphosate-resistant EPSPS possessing sufficient 
ca ta ly tic  activ ity  to  p ro v id e  adequa te  m e tabo lic  fun c tion ing  o f the 
shikim ate pathway p ro ved  daun ting  (Padgette e t al., 1996a). Eventually, the 
CP4 gene o f Agrobacterium  sp, was found  to  encode a h igh ly efficient, 
g lyphosate-resistant EPSPS. Plants transform ed w ith  th is gene were highly 
resistant to  g lyphosate : M etabo lic  degradation  o f g lyphosate was also 
p ro be d  as a resistance mechanism. G lyphosate oxidoreductase (GOX), 
encoded by a gene from  the m icrobe Ochrobactrum anthropi (strain 
LBAA), enhances g lyphosa te  resistance. This enzyme degrades glyphosate 
to  g lyoxy la te , a u b iq u ito u s  and safe natura l p ro du c t, and 
am ino m e thy lp ho spho na te  (AMPA). A  m u ltip le  missense m uta tion  in 
endogenous maize EPSPS produced by s ite-d irected m utagenesis has 
been utilized to  genera te  com m ercial g lyphosate resistance (Lebrun et al., 
1997). This transgen ic do ub le  variant o f maize EPSPS, T102I/P106S is 
presently sold com m ercia lly  in som e maize hybrids and is known as GA21 
(Dill, 2005). To date, glyphosate-resistant soybean, co tton , canola, and 
maize are available to  farm ers o f North Am erica (Table 1). A ll varieties use 
the  CP4 EPSPS gene, excep t fo r the  GA21 maize varieties. The G OX gene 
is also found in g lyphosate-res is tant canola.
The adop tion  rate o f glyphosate-resistant co tton  and soybeans in North
Am erica has been high (Figure 1). This has been in large part because o f 
the  s ignificantly reduced cost o f exce llent weed con tro l ob ta ined with the  
g lyphosate-resistant crop /g lyphosa te  package (Gianessi, 2005). S im plified 
and m ore flex ib le  w eed contro l also con tribu ted  to  the  rapid adoption . 
A pprox im ate ly  75% o f canola acreage in the  U.S.A. was planted in 
g lyphosate-resistant varieties in 2003 (Gianessi, 2005). In Australia, an 
econom ic analysis o f g lyphosate-res is tant canola showed sign ificant 
econom ic advantages (M onjard ino e t a/., 2005). In A rgentina, the  adop tion  
o f glyphosate-resistant soybeans was even m ore rap id  than in the U.S.A, 
reaching alm ost 90% w ith in  4 years o f in troduction  (Penna and Lema, 2003). 
This level o f adop tion  too k  m ore than 25 years fo r hybrid maize in 
Argentina. In A rgentina, be tte r weed m anagem ent and reduced cost were 
abou t equally im portan t reasons fo r adop tion . The econom ic advantage is 
no t as clear w ith glyphosate-resistant maize, w ith an approxim ate 18% 
adop tion  rate in 2004 (Dill, 2005).
Despite great success w ith o ther g lyphosate-resistant crops, glyphosate- 
resistant sugarbeet is no t be ing grown by North Am erican farmers, due to  
concerns abou t acceptance o f sugar from  transgen ic plants by the 
confectionary and other prepared foo d  industries. This HRC was available 
fo r several years (Table 1), bu t not grown. Sim ilar and o ther concerns 
resulted in a decision by the com pany ow ning glyphosate-resistant wheat 







F igu re  1. Adoption o f glyphosate-resistant soybean and cotton in the 
U.S.A. by year. (Adapted from Duke, 2005)
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2.3 Glufosinate-resistant crops
G lu fo s ina te  is the  syn the tic  version o f p h osp h in o th ric in , a natural 
com p ou nd  from  Streptom yces hygroscopicus. It is a po ten t in h ib ito r o f 
g lu tam ine  synthetase (GS) o f plants. W hen GS is inh ib ited , one o f its 
substra tes, am m onium  ion, accum ulates, causing to x ic  effects. The 
com p le te  mechanism o f action is m ore com plica ted than this, involving 
ind irec t inh ib ition  o f photosynthesis {Lydon and Duke, 1999). GS is present 
in m ost liv ing organisms. G lufosinate is a broad-spectrum  herb ic ide tha t 
acts faster than glyphosate. It is no t a low dose rate herbicide. G lufosinate 
is sold as the  am m onium  salt. No weed resistance has evolved to  
g lufosinate. The same organism s tha t p roduce phosph inothric in  or its 
precursor, b ia laphos, p ro te c t them se lves from  these tox ins  by 
m etabo lica lly  inactivating them  w ith phosphinothric in-N -acetyl-transferase 
(PAT) encoded by the p a t or bar gene. The tw o  genes have a high level o f 
hom o logy  and bo th  encode a PAT enzyme. Plants can be made highly 
resistant to  g lufosinate w ith e ither o f these genes. C apita liz ing on this, 
these genes have been used extensively as selectab le markers in the 
transform ation o f many p lan t species. Canola, co tton , and maize made 
resistant to  g lu fosinate w ith the  bar gene are com m ercia lly available fo r 
g row ing  in N orth Am érica (Table 1).
2.4 Non-transgenic herbicide-resistant crops
Several HRCs generated by m utation o f a crop gene in em bryo, tissue, or 
cell culture are listed in Table 1. These include triazine-, sulfonylurea-, 
im idazolinone-, and sethoxydim -resistant crops. Technically, these HRCs 
were generated by b io techno logy, bu t there is no th ing significantly 
d iffe ren t abou t these HRCs from  crops tha t are naturally resistant to  
selective herbicides. No transgenes are used w ith these crops.
These crops have been previously reviewed: triazine-resistant (Hall e t al., 
1996); im idazolinone-resistant (Shaner e t al., 1996; Tan et al., 2005), 
sulfonylurea-resistant (Saari and Mauvais, 1996), and sethoxydim -resistant 
(Somers, 1996). The m ost successful o f these crops are the  im idazolinone- 
resistant crops w ith maize, o ilseed rape, rice, wheat, and sunflower 
varieties now available in N orth  Am erica (Tan et al., 2005). The bases for 
resistance o f all o f these HRCs are a ltered m olecu lar ta rge t sites.
These crops have less regulatory oversight in the  U.S.A. than do transgenic 
HRCs. This review will no t deal w ith this type o f HRC, as there is much less 
concern abou t environm enta l hazards w ith them  than w ith transgenic 
HRCs.
2.5 Potential herbicide-resistant crops of the future
Genes exist to  make crops resistant to  m ost herb ic ide classes. Examples o f 
som e o f these are p rov ided  in Table 2. Furtherm ore, a new gene has been 
engineered by gene shuffling to  make crops resistant to  g lyphosate (Castle 
e t al., 2004), and an evolved resistant form  o f EPSPS from  Eleucine indica 
has been pa ten ted  fo r use in g lyphosate-resistant crops (Baerson et al.,
2004). M ost o f these genes are patented , and considerab le e ffo rt has been 
pu t in to  deve lop ing  HRCs w ith some o f these transgenes. However, the re  
is currently little  e ffo rt to  com m ercialize HRCs tha t are resistant to  
herbicides o ther than g lu fosinate and glyphosate. B rom oxynil-resistant 
crops have been discontinued. The num ber o f regulatory approvals 
(deregulations) fo r new (new crop or new herbicide) com m ercia lized HRCs 
declined in the  U.S.A. after 1999 to  a trick le  (Duke, 2005). However, th is  
trend  is no t much d iffe rent than tha t fo r all o ther transgenic tra its 
com b ined  in the USA (Animal and Plant Heath Inspection Service o f the  
U.S.A. D ept. A g ricu ltu re  w ebsite : h ttp ://w w w .a p h is .u sd a .g o v /b rs /b rs  
_charts.htm l - accessed Novem ber, 2004). The pe tition ing  o f the  U n ited 
States Environmental Protection Agency (USEPA) fo r perm its to  fie ld  tes t 
HRCs continues to  be 20-30% o f pe rm it applications fo r transgenic plants. 
Some o f the  reasons fo r the  reticence o f the b io techno logy  industry to  
deve lop and m arket a new HRC are p rov ided by a recent article (Devine,
2005). Fundamentally, the view expressed in tha t paper is tha t the high 
cost, lengthy deve lopm ent tim e, and high econom ic risk have been the  
prim ary reasons fo r the  slow deve lopm ent and in troduction  o f new HRCs.
3. HERBICIDE AND FOSSIL FUEL USE
3.1 Herbicide use
Since the m id tw en tie th  century, herbicides have been the  prim ary means 
o f weed m anagem ent in deve loped countries. In N orth  Am erica, fo r the  
past tw o decades, herbicides have accounted fo r abou t 70% o f pestic ide 
use in crops (e.g. Anonym ous, 1998). Prior to  herbicides, extensive tillage  
and manual w eed ing were the prim ary means o f weed m anagem ent. There 
has been controversy abou t w hether HRCs have increased herb ic ide use or 
not. This controversy has been fue led  by the  assum ption by som e tha t an 
increased am oun t o f chem ical use equals increased env ironm en ta l 
dam age and tox ico log ica l risk. This assum ption does no t take in to  account 
the  clear fact tha t the  po ten tia l environm enta l dam age and tox ico log ica l 
risk can vary by orders o f m agnitude between d iffe ren t herbicides. Thus, 
com paring herb ic ide use rates has relatively little  bearing on po ten tia l 
environm enta l dam age or tox ico log ica l risk to  humans. Very few  studies,
Stephen O. Duke and Antonio L. Cerdeira
Table 2. Some o f the  transgenes tha t have been used fo r m aking crops 
resistant to  herbicides or classes o f herbicides
Herbicide or 
herbicide class






and Last, 1996 
Bisht et al., 2004
Asulam resistant microbial 
dihydropteroate  
synthase
Surov e t al., 1998









Matringe et al., 2005
Paraquat chloroplast 
superoxide dismutase
Sen Gupta et al., 
1993
Phenmedipham microbial degradation  
enzyme
Streber e t al., 1994
Phytoene desaturase 
(PDS) inhibitors
genes from microbes 
and the aquatic weed  
Hydrilla encoding 
resistant PDS
Sandmann et al., 1996 





PPO and resistant 
Arabidopsis thaiiana 
PPO
Li and Nicholl, 2005
such as tha t by Nelson and Bullock (2003), have com pared tox ico log ica l 
risk, rather than herb ic ide active ing red ien t used per un it area.
The tw o rem aining herbicides used w ith HRCs, g lyphosate and glufosinate, 
are no t low use rate herbicides; however, they are considered low risk 
herbicides in term s o f tox ic ity  and environm enta l effects (see sections 4-7). 
Nevertheless, we w ill discuss some o f the  literature tha t addresses the  
question o f use rate.
A  few  studies have cla im ed tha t the volum e o f herb ic ide use is greater w ith  
HRCs (e.g ., Benbrook, 2001b, 2003). However, others, such as Heim lich et 
al., (2000), have concluded tha t no sign ificant change in the  overall am ount 
o f herb ic ide has been observed w ith the adop tion  o f HRCs in the U n ited  
States. Heim lich e t a/., (2000) po in te d  ou t tha t th is substitu tion  resu lted in 
the  rep lacem ent o f herbicides tha t are at least three tim es m ore toxic, and 
tha t persist nearly tw ice as long as glyphosate. Gianessi and C arpenter 
(2000) came to  sim ilar conclusions. An analysis by U.S.A. soybean farm ers 
reported  by Trewavas and Leaver (2001) showed tha t 3.27 m illion kg o f 
o the r herbicides have been replaced by 2.45 m illion kg o f g lyphosate. 
Carpenter and Gianessi (2002) found  tha t the  in troduction  o f g lyphosate- 
resistant soybeans in the U.S.A. resulted in a decrease o f the  vo lum e o f 
herbicides used. Gianessi (2005) claims tha t g lyphosate-resistant crops 
generally require less herb ic ide than tha t used w ith non-transgenic crops. 
Furtherm ore, he estim ates tha t averaged over all g lyphosate-resistant 
crops, glyphosate-resistance techno logy has reduced herb ic ide  use by 17 
m illion kg per year in the  U.S.A.. In co tton , the  am ount o f herb ic ide  used 
per un it area in the  U.S.A. stayed abou t the same between 1996 and 2000 
(Carpenter and Gianessi, 2003), a pe riod  du ring  which ad op tion  o f 
g lyphosate-resistant co tton  grew from  0 to  abou t 50% (Figure 1). Gianessi's 
(2005) calculations indica te tha t if g lyphosate-resistant sugarbeets were 
adop ted , the  reduction w ou ld  no t be as great, as the  herbicides now  used 
in non-transgenic sugarbeets are m ostly low use rate com pounds in the  
U.S.A. C oyette e t al. (2002) estim ated tha t the  in troduction  o f g lyphosate - 
resistant sugarbeet to  Europe w ou ld  result in a decrease o f herb ic ide  use. 
W eed contro l cou ld be achieved w ith  very low use rate herb ic ides 
(Benbrook, 2001a, b), reducing the  volum e o f chemicals used fo r  weed 
m anagem ent be low  tha t used in non-HRCs or w ith HRCs. If this were m ore 
econom ical and efficacious, farmers w ou ld  p robab ly ad op t such a strategy. 
But, again, sim ply reducing the  volum e o f chemical used does no t assure 
th a t risks are reduced.
O thers have po in ted  ou t tha t the  in troduction  o f HRCs to  underdeve loped  
countries , where hand w e ed ing  is the  p rim ary  means o f w eed 
m anagem ent, w ill increase herb ic ide use in those countries (Shiva, 2001).
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A t th is  tim e, there is no evidence tha t th is has occurred. The econom ic 
constra in ts tha t prevent these farmers from  using selective herbicides will 
be s im ilar fo r HRCs. However, should weed m anagem ent w ith  HRCs 
becom e econom ically viable fo r p o o r farmers in underdeve loped areas, 
herb ic ide  use w ill increase, d isp lacing tillage  and hand labor. Hand labor is 
rarely used w ith canola or soybeans, even in deve lop ing  countries.
As discussed be low  (Section 8), the  am ount o f any herb ic ide used w ith 
HRCs year after year w ill p robab ly  increase w ith tim e, as naturally resistant 
w eed species and b io types invade fie lds and resistance evolves. Both 
increased am ounts o f the herbicides to  which the HRCs are engineered 
and add itiona l herb ic ides w ill be used. Benbrook (2003) claims tha t this 
b io log ica lly  driven increase in herb ic ide  use has already occurred w ith 
g lyphosate-resistant crops. O wen and Zelaya (2005) also report tha t this is 
already happen ing w ith g lyphosate-resistant crops in som e locales.
The w orldw ide  decreasing cost o f g lyphosate due to  loss o f pa tent 
p ro te c tio n  (W oodbu rn , 2000) also makes h igh e r a p p lica tio n  rates 
econom ical in som e cases. The heavy adop tion  o f g lyphosate-resistant 
soybeans in the USA con tribu ted  to  the dram atic reductions (as much as 
80%) in the  costs o f m ost o ther soybean herbicides, due to  com petition  
(Nelson and Bullock, 2003) (Table 3). Thus, indirectly, g lyphosate-resistant 
soybeans have, in som e cases, he lped make it m ore econom ical for 
farmers to  use h igher rates o f o ther herbicides, som etim es w ith less 
des irab le  to x ic o lo g ic a l o r env ironm en ta l p ro files . A n o th e r fac to r 
con tribu ting  to  the  reductions in herbicides costs have been pa tent 
exp ira tions o f many herbicides. Despite the m ore com petitive  prices o f 
com peting  herbicides, adop tion  o f g lyphosate-resistant crops increased 
dram atica lly du ring  this tim e pe riod  (Figure 1).
In a study, using the  environm enta l im pact qu o tie n t m ethod  o f Kovach e t 
al. (1992), K leter and Kuiper (2003) calcula ted the  to ta l environm ental 
im pact o f herbicides, farm  worker exposure im pact, consum er im pact, and 
eco logy im pact associated w ith the  herbicides used w ith various HRCs 
versus those used w ith the  same non-transgenic crops. The am ount o f 
herb ic ide used was reduced fo r all crops. A ll im pacts are reduced in all 
crops by adop tion  o f HRCs (Table 4). W ith  canola, co tton , and soybean, 
farm w orker and consum er im pact are reduced m ore than ecologica l 
impact.
Table 3. Price com parisons o f selected herbicides in US dollars in the  USA 
before (1995) and after (1999) the  in troduction  o f glyphosate-resistan t 









Lasso (alachlor) qt 26.38 5.54 0.21
Assure II 
(quizalofop-P)
qt 116.61 31.42 0.27
Classic (clorimuron) oz 17.75 11.02 0.62
Cobra (lactofen) qt 115.40 33.41 0.29
Command
(clomazone)
qt 81.28 15.01 0.18
Fusion (fluazifop + 
fenoxyprop)
qt 148.50 33.56 0.23
Galaxy (bentazon + 
acifluorfen)
qt 56.58 15.45 0.27
Pursuit (imazethapyr) oz 19.92 14.09 0.71
Scepter (imazaquin) oz 6.32 7.1 1.12
Select (clethodim) oz 190.00 47.3 0.25
Sencor (metribuzin) lb 26.60 19.21 0.72
Storm (acifluorfen + 
metribuzin)
qt 68.98 18.97 0.28
Treflan (trifluralin) qt 32.13 8.16 0.25
Turbo (metolachlor + 
metribuzin)
lb 83.75 14.24 0.17
1 Trade name fo llow ed by active ingredient
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Table 4. Environm ental im pact (El) o f herb ic ide use in HRCs based on 
pe s tic id e  use data o f Gianessi e t al. (2002). (Adapted from  Kleter and 







Herbicide use (lb ai/A)1 1.1 0.5 -55
Total impact, El/A 30.9 16.2 -48
Farm worker impact, El/A 17 8 -53
Consumer impact, El/A 9.3 3.5 -62
Ecology impact, El/A 66.5 37.2 -44
Cotton
Herbicide use (lb ai/A) 2.3 1.9 -18
Total impact, El/A 61.0 54.0 -11
Farm worker impact, El/A 42.2 33.2 -21
Consumer impact, El/A 18.4 14.6 -20
Ecology impact, El/A 122.4 114.3 -7
Maize
Herbicide use (lb ai/A) 3.4 2.4 -30
Total impact, E l/A 102.5 69.9 -32
Farm worker impact, El/A 52.2 39.9 -24
Consumer impact, El/A 26.7 19.0 -29
Ecology impact, El/A 224.3 150.0 -33
Soybean
Herbicide use (lb ai/A) 1.5 1.0 -38
Total impact, El/A 40.9 30.8 -25
Farm w orker impact, El/A 29.9 15.2 -49
Consumer impact, El/A 12.8 6.7 -48
Ecology impact, El/A 80.1 70.6 -12
1 pounds o f active ingredient per acre
3.2 Fossil fuel use
A m ajor expense and source o f po llu tion  in weed m anagem ent are the 
fossil fuels used in tillage  and herb ic ide application. This fac to r is seldom  
considered in the  evaluation o f environm enta l im pact o f herb ic ide use. In 
som e countries (e.g ., Denmark), m andated herb ic ide  reduction program s 
have also required fewer applications o f herbicides. Certainly, HRCs have 
greatly reduced tillage  (discussed in Section 4.2) and, in some cases, the 
num ber o f herb ic ide applications (Gianessi, 2005).
Few studies have carefully evaluated the  im pact o f HRCs on reduced fossil 
fuel use in w eed m anagem ent, a lthough this is generally recognized as a 
beneficial aspect o f HRCs (e.g ., O lo fsd o tte r et al., 2000). In a recent study 
in Europe using a life-cycle assessment approach, Bennett et al. (2004) 
con c lu ded  th a t the  m a jo r env ironm en ta l advan tage  o f g ro w in g  
glyphosate-resistant sugarbeet w ou ld  be much lower emissions from  
herb ic ide m anufacturing, transport, and fie ld  opera tions, thus reducing 
con tribu tions to  g loba l warm ing, smog, ozone dep le tion , eco tox ic ity  o f 
water, and acid ifica tion and n itrifica tion  o f soil and water. Some o f these 
effects are illustrated in Figure 2. They qua lified  the ir conclusions by stating 
tha t the environm enta l and health im pacts o f g row ing HRCs shou ld  be 
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F igu re  2. The impacts o f typical herbicide regimes for conventional 
com pared with glyphosate-resistant sugarbeet in the UK and Germany in 
terms o f extracted energy use (MJ), g lobal warming potential [kg carbon 
dioxide (CO 2) equivalent] and ozone depletion [kg chlorofluorocarbon 
(CFC) 11 equivalent] p e r functional unit. UKA and UKB are two different 
herbicide regimes used with non-transgenic sugarbeet in the UK, G ER is a 
typical herbicide regime used with non-transgenic sugarbeet in Germany, 
and Ht is the use o f glyphosate only with glyphosate-resistant sugarbeet. 
(reprinted from Bennett e t al., 2004 with perm ission)
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4. EFFECTS ON SOIL
4.1 Chemical contamination
N one o f the  three herbicides tha t have been used w ith transgenic HRCs 
are th o u g h t to  be s ig n ifica n t soil con tam inan ts  when used at 
recom m ended  doses. A ll o f these herbicides are app lied  as fo lia r sprays, 
so th a t con tam ina tion  o f soil is from  d irec t in te rcep tion  o f spray by the soil 
surface o r from  runoff or leaching o f the herb ic ide and /o r its breakdown 
p roduc ts  from  vegetation. In the  case o f glyphosate, the com pound can be 
trans loca ted  to  roots from  fo lia r tissues and exuded by the roots in to the 
soil (e .g ., C oup land  and Caseley, 1979).
B rom oxynil is no t pho tostab le  (Kochany et al., 1990), and it photolyzes on 
the  p lan t o r soil surface. It is adsorbed m oderate ly to  soil at neutral and 
alkaline pHs. Bromoxynil is not considered to  be very persistent in soils, 
and the  ha lf-life  is abou t ten days to  tw o weeks at 25 °C. M ost literature 
reports  rap id  degradation  in m ost soil types in m ost clim ates (e.g ., Collins, 
1973; Ingram  and Pullin, 1974; Smith, 1971, 1984). Much o f the com pound 
is de g ra d e d  com p le te ly  to  C 0 2 w ith in a few  weeks (Collins, 1973). Soil was 
no t con tam ina ted  w ith brom oxynil in a long-term  use site in A lberta, 
Canada (M ille r e t al., 1995). It is degraded  by num erous soil m icrobes, such 
as Agrobacterium  radiobacter, be ing broken down by a den itrifica tion  
process (K idd and James, 1991; M uller and Gabriel, 1999).
G lyphosa te strong ly adsorbs to  soil particles and is rap id ly degraded by 
soil m icrobes (reviewed by Duke, 1988; Duke et al., 2003a). It has little  or no 
herb ic ida l activ ity  after it reaches the  soil. It is degraded  by many m icrobes 
to  g lyoxy la te  and AMPA (e.g., A raujo e t al., 2003), O the r m icrobes can 
convert g lyphosate  to  inorganic phosphate and sarcosine, and som e can 
use g lyphosa te  as bo th  a carbon and phosphorus source. A fte r long-term  
use o f g lyphosate  in Canadian soils, no de tectab le  residues cou ld be 
de tec ted  (M ille r e t al., 1995). G lyphosate is rap id ly degraded  by soil 
m icrobes, even at high application rates, w ithou t adversely affecting 
m icrob ia l ac tiv ity  (Haney e t al., 2000). Haney et al. (2000) found  a 
cum ula tive soil carbon m ineralization w ith increasing glyphosate rate. The 
C O j flush 2 d after application suggested tha t g lyphosate was either 
readily and d irec tly  utilized by soil m icrobes o r made o ther resources 
available (F igure 3).
G lyphosate has a m oderate half-life in soils with an average value o f 
approxim ately 47 days, but reaching 174 days in some soils under some 
conditions (Vencill, 2002; Wauchope e t al., 1992). Studies with lysimeters have 
shown less leaching and higher concentrations o f glyphosate and AMPA in 
soil where low -tillage agriculture had been practiced (Fomsgaard e t al., 2003).
Like glyphosate, g lu fosinate has little  or no herbicida l activ ity once it enters 
the soil. G lufosinate, also like glyphosate, has a relatively short ha lf-life  in 
soil under fie ld  conditions. For exam ple, Langelueddeke et al. (1982) 
rep o rted  it to  be com p le te ly  decom posed  w ith in  a few  weeks o f 
application. Under laboratory conditions, the half-life in Canadian pra irie  
soils was 3-7 days at 20 °C and 8-11 days at 10 °C (Smith, 1988). Gallina and 
Stephenson (1992) found  g lu fosinate to  have a half life o f 3 to  7 days in 
O ntario  soils, degrad ing  to  m etabo lic  in term ediates (3-(m ethylphosphinyl) 
p ro p io n ic  acid (MPPA) and 2 -(m e th y lp hosp h inyh l)ace tic  acid), un til 
eventually be ing degraded  to  CO?.
Escherichia coli strains were ab le  to  de g ra de  g lu fo s in a te  to  its 
corresponding 2-oxoacid {2-oxo-4-[(hydroxy)(methyl)phosphinoylJ butyric 
acid} by transam ination , and Rhodococcus  sp., was ab le to  u tilize  
g lu fos ina te  as a sole source o f N, fo rm in g  2-oxo-[(hydroxy)(m ethyl) 
phosphinoyl]butyric  acid by oxidative deam ination (Bartsch and Tebbe, 
1989). In a fie ld  study, Smith and Belyk (1989) found  no leaching o f 
g lufosinate nor MPPA to  soil depths be low  10 cm.
Days after Addition
F igu re  3. Effect o f glyphosate addition rate on soil carbon mineralization. 
Carbon mineralized from basal microbial respiration in control sam ples has 
been subtracted. The 1, 2, 3, and 5X represent glyphosate addition rates o f 
47, 94, 140, and 234 p g  ai g_' soil, respectively. Error bars indicate ± 1 
standard deviation (reprinted from Haney et al., 2000 with perm ission)
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4.2 Soil loss and compaction
A n o th e r be ne fit from  the use o f HRCs is tha t they fac ilita te  reduced or zero 
tilla g e  ag ronom ic systems, which con tribu te  to  reductions in soil erosion 
from  w ate r and wind, fossil fuel use, air po llu tion  from  dust, loss o f soil 
m oisture, and soil com paction (Holland, 2004). Reduced tillage  also 
im proves soil structure, leading to  reduced risk o f runoff and po llu tion  of 
surface waters w ith  sedim ent, nutrients, and pesticides.
C o n s id e rin g  th e  re la tive ly  h igh  level o f p o te n tia l env ironm en ta l 
im p rovem en t tha t can be ga ined by reducing tillage , there is a rem arkable 
paucity o f refereed publications on the  influence o f HRCs on tillage  
practices and associated environm ental effects. Loss o f topso il due to  
t il la g e  is perhaps the  m ost en v ironm en ta lly  des truc tive  e ffec t o f 
agricu lture. Even taking land ou t o f its natural state fo r agricu lture is more 
rap id ly  reversib le than the  loss o f to p  soil, which, once lost, can take 
centuries o r eons to  replace.
A  survey by the  Am erican Soybean Association (2001) found tha t 53% o f 
U.S.A. soybean farmers made an average o f 1.8 fewer tillage  passes per 
year th rough  the ir soybean fie lds since glyphosate-resistant soybeans were 
in troduced. This translates to  a savings o f $385 m illion per year in reduced 
tillage  costs. In a five-year pe riod  in the U.S.A., du ring  which the  p lan ting 
o f g lyphosate-resistant soybeans increased from  only a few  per cent to  
abou t 70% (Figure 1), there was a dram atic increase in the adop tion  o f no­
tilla g e  and reduced tillage  m anagem ent (Figure 4). M ost o f th is change 
was associated w ith  the grow ing o f glyphosate-resistant soybeans (Figure 
5). W hether this trend  has con tinued is unknown; however, weed changes 
(Section 8) in g lyphosate-resistant crops have caused some farmers to  
return occasionally to  tillage  as a weed m anagem ent too l.
Similarly, the re  has been a rise in no-tillage agricu lture in soybeans in 
A rgentina  w ith  the  adop tion  o f g lyphosate-resistant soybeans, where there 
is a loss o f 10 tons o f topso il per hectare in soybeans produced w ith 
conventional tillage  (Penna and Lema, 2003). D ram atic reductions in soil 
erosion were docum ented where no-tillage, g lyphosate-resistant soybeans 
were grown.
A  lesser-studied effect is tha t o f HRCs on soil com paction. Use o f 
g lyph osa te -re s is tan t crops has genera lly  resu lted  in few  he rb ic ide  
applications, m eaning fewer trips across the  fie ld  w ith a tractor. This should 
result in less soil com paction; however, to  our know ledge, the  shift to  no­
tillage  agricu lture tha t many farmers using HRCs have m ade has no t been 






F igu re  4. Soybean tillage methods by hectares farmed in the U.S.A. in 1996 
and 2001. In 1996 and 2001, there were 19.2 and 23 million ha, respectively, 
o f soybeans grown. (Drawn from American Soybean Association, 2001 data)
Million ha
1996 2001 1996 2001
Non-transgenic Glyphosate resistant
F igu re  5. Tillage practices and glyphosate-resistant soybean use by 
hectares in the USA in 1996 and 2001. (Drawn from American Soybean  
Association, 2001 data)
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5. EFFECTS ON WATER AND AIR
O ne study has focused on im pacts o f HRCs on bo th  water and air. Bennett 
e t a/. (2004), using a life -cyc le  assessm ent m ode l com p arin g  the  
environm enta l and human health im p a c ts 'o f conventional sugarbeet 
g ro w in g  regim es in the United K ingdom  and Germ any w ith those tha t 
m ig h t be e xp ec ted  if g lyph osa te -res is tan t sug a rb ee t were grown, 
su g g e s te d  th a t g ro w in g  th is  HRC w o u ld  be less harm fu l to  the  
env ironm en t and human health than grow ing the conventional crop, 
la rge ly due to  lower emissions from  herb ic ide manufacture, transport and 
fie ld  opera tions. M ost o f this analysis dea lt w ith air and water po llu tion . 
Emissions con tribu ting  to  negative environm enta l impacts, such as g lobal 
warm ing, ozone dep le tion , eco tox ic ity  o f water and acid ifica tion and 
nu trifica tion  o f soil and water, were much lower fo r the HRC than fo r the 
con ve n tio n a l crop . Em issions c o n trib u tin g  to  sum m er sm og, to x ic  
pa rticu la te  m atter and carcinogenicity, which have negative human health 
im pacts, were also substantia lly lower fo r the he rb ic ide -to le rant crop 
(F igure 2).
5.1 Water
Brom oxynil photolyzes in surface layers o f water (M ille t e t a/., 1988) and is 
b io d e g ra d e d  in natural water systems. In test ponds, brom oxyn il d id  not 
pe rs is t in sed im e n t beyond  15 days a fte r trea tm e n t. It does no t 
b ioconcen tra te  in aquatic organisms. Studies conducted in Canada d id  not 
d e te c t brom oxyn il in water and ponds after spraying (Waite e t a/., 1992). In 
a study w ith five d iffe rent soils o f A lberta, Canada, brom oxyn il was found 
to  have a m odera te  level o f leaching from  soil, com pared to  strongly 
leaching herbicides (e.g., dicam ba) and herbicides tha t do  no t leach at all 
(triflura lin) (Hill et a/., 2000). A  three-year study was conducted to  de term ine 
the  seasonal effects, such as herb ic ide app lica tion  and ra in fa ll/irrigation , 
on herb ic ide  levels in shallow groundw ater (Hill e t a/., 1996). Bromoxynil 
(0.03-8.4 ppb) and three o ther herbicides were de tec ted  in 17-61% o f the 
wells sam pled. O the r long term  studies conducted in Canada w ith the 
he rb ic ide s  g lyphosa te , d icam ba, 2,4-D, b rom oxyn il, 
m ethylch lorophenoxyacetic  acid (MCPA), d ic lo fop , and tria lla te  showed no 
residues o f g lyphosate in groundw a te r (M iller e t a/., 1995). O f the  HRC 
herbicides used, on ly brom oxyn il was found  at concentrations exceeding 
levels set by the Canadian drink ing water qua lity  gu idelines. In a study 
conducted by M cN aughton and Crowe (1995), brom oxyn il was also found 
in shallow groundw a te r in Canada, a long w ith the  herbicides 2,4-D, 
d ic lo fop-M e, dicam ba, MCPA, and tria lla te , bu t be low  the lim its set by the
Canadian drink ing  water quality guidelines.
Both g lyphosate and g lu fosinate are strong ly adsorbed to  soils particles, 
and, even though  bo th  are highly water soluble, they d o  n o t leach to  
ground  water. Various studies have shown tha t g lyphosate contam inates 
surface water less than several a lternative herbicides (sum m arized by 
C arpenter e t al., 2002). O nce in surface water, it d issipates m ore rap id ly 
than m ost o ther herbicides.
In the  intensely farm ed m aize-grow ing regions o f the m id-w estern USA, 
surface waters have o ften been contam inated by herbicides, p rinc ipa lly  as 
a result o f rainfall runoff occurring shortly a fter application o f these to  
maize and o ther crops (W auchope e t al., 2002). A  m odel was used to  
p red ic t maize herb ic ide concentrations in the  reservoirs as a func tion  o f 
herb ic ide  p roperties com paring broadcast surface p re -p lan t atrazine and 
a lach lor app lica tions  w ith  g lyphosa te  o r g lu fos ina te  po s t-e m e rg e n t 
he rb ic ides  in co rp o ra tin g  bo th  g lyphosa te -res is tan t and g lu fos ina te - 
resistant maize (W auchope et al., 2002). Because o f th e ir low er post- 
em ergent app lica tion  rates and greater soil sorptivity, g lyphosate  and 
glu fosinate loads in runoff were generally one-fifth  to  one-ten th  those o f 
atrazine and alachlor, ind ica ting  tha t the  rep lacem ent o f p re -em ergen t 
maize herbicides w ith these post-em ergent herbicides a llow ed by gene tic  
m od ifica tion  o f crops w ou ld  dram atica lly reduce herb ic ide  concentra tions 
in vulnerable watersheds. Similarly, Estes e t al. (2001) found  in a h igher tie r 
m ode ling  exam ination, th a t various herb ic ide  use regim es em p loyed  in the 
U.S.A. in maize caused m ore ground and surface water con tam ina tion  than 
d id  g lyphosate when used w ith  g lyphosate-resistan t maize, the reby 
reducing the  risk to  drinking water and re lated ecosystems.
By m od e ling , Peterson and H u lting  (2004) p re d ic te d  less risk to  
groundw ater and aquatic plants by a g lyphosate-resistant w h ea t/he rb ic ide  
system than from  a non-transgenic w heat/conven tiona l he rb ic ide  system. 
In a com prehensive survey o f the  U.S. G eo log ica l Service (1998), m ore than 
95% o f all samples co llected from  streams and rivers con ta ined at least one 
pestic ide, com pared to  abou t 50% fo r g round water. N one o f the  
pesticides were am ong those used on HRCs. A lthough  th is study was done 
before the  w idespread ad op tion  o f HRCs, g lyphosate was w ide ly  used as 
bo th  a prep lant and postharvest herbicide, as w ell as a harvest a id  be fore 
the  advent o f HRCs.
O the r studies also found  no HRC herbicides in ground w ater in th e  United 
States where g lyphosate is app lied  on no -tillage  c rop p ing  systems (Kolpin 
e t al., 1988) and in Brazil in various cropp ing  systems (Bonato e t al., 1999; 
Cerdeira e ta /., 2000, 2002, 2003; Lanchote, e ta /., 2000; Paraíba e ta /., 2003). 
S im ilar results were found  fo r surface waters (Clark et a/.,1999).
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D e gra da tio n  o f pestic ides in aquifers has been evaluated, and glyphosate 
was fo u n d  to  be degraded  under bo th  anaerobic and aerobic conditions, 
as o p p o se d  to  some o ther herbicides such as MCPA and m ecoprop 
(A lbrechtsen et al., 2001). Certain pestic ides were not degraded  in water 
under ae rob ic o r anaerobic conditions (d ichlobenil, bentazon, isoproturon, 
and m etsu lfu ron-m ethyl). This cou ld be im portan t when using glyphosate 
on transgen ic  crops, if the herb ic ide leached suffic iently to  reach ground 
water, which is a m ore anaerobic environm ent. Half-lives o f g lyphosate vary 
from  60 h fo r g round  water samples exposed to  sun light to  770 h fo r those 
s tored under dark cond itions (Mallat and Barcelo, 1998). G lyphosate was 
also eva luated fo r  ecologica l risk assessment, and it was found no t to  
b io a ccu m u la te , b iom agn ify , o r pers is t in an ava ilab le  fo rm  in the  
env ironm en t (Solom on and Thom pson, 2003). This study also showed tha t 
the  risk to  aqua tic  organisms is ne g lig ib le  or small at app lica tion  rates <4 
kg /ha and only s ligh tly  greater at app lica tion  rates o f 8 kg/ha.
Based on results from  the literature, one can conclude tha t there is a low 
risk o f s ign ifican t water con tam ination w ith  brom oxynil, bu t the  risk is 
n e g lig ib le  fo r g lyphosate  and glufosinate.
5.2 Air
H erb ic ides can p o llu te  the  air by d rift or volatility. The three herbicides tha t 
have been used w ith  HRCs are essentially no t vo la tile  at 25 °C (Vencill,
2002) and have n o t been reported as atm ospheric contam inants (e.g., Van 
D ijk and G u icherit, 1999).
M ost he rb ic ides are app lied  by spraying, resu lting in m ovem ent to  non­
ta rge t sites and organism s th rough  the air. A ir m ovem ent o f sprayed 
herb ic ides to  un in tended crops and o ther vegeta tion  (term ed 'herb ic ide  
d r ift ' in th e  U.S.A.) has been a prob lem  since the use o f po ten t, synthetic 
herb ic ides began. A fte r g lyphosate-resistant soybeans were in troduced, 
O w en (1998) re p o rte d  th a t com p la in ts  o f he rb ic ide  d r ift p rob lem s 
increased in Iowa. G row ing a HRC next to  a non-HRC o f the  same species 
may exacerbate such problem s, as there  is no visual d iffe rence between 
the tw o  crops to  the  herb ic ide applicator. Furtherm ore, w ith glyphosate- 
resistant crops, th e  herb ic ide can be used du ring  later crop deve lopm ent 
by aerial app lica tion , fu rthe r increasing the  risk o f drift.
6. EFFECTS OF THE HERBICIDES A N D  HERBICIDE-RESISTANT CROPS 
ON NON-TARGET ORGANISMS  
6.1 O ther plants
The orig ina l goal o f using herbicides was to  kill all vegeta tion  in a crop with 
as little  dam age as possib le to  the crop. Even a small in festation o f weeds 
can reduce crop y ie ld  by com pe tition  and /o r allelopathy. In m ost cases, the 
farm er also wants to  kill or reduce m ost vegeta tion  w ith in  a m eter or two 
o f the crop, to  prevent the  spread o f weed seeds and /o r o the r propagules 
to  cropland. So, fo r the farm er in m ost parts o f the world , non-target plants 
are usually those m ore than a couple o f m eters from  the fie ld.
D rift o f herbicides to  non-target plants has been a prob lem  since synthetic 
herbicides were in troduced. As m entioned above (Section 5.2), d rift to  
non-transgenic crops o f the  same species is a new prob lem  w ith HRCs. 
A lthough effects o f herbicides on non-target plants are no t a new problem , 
there are num erous studies on such effects o f herbicides used w ith HRCs. 
For exam ple, De Snoo e t al. (2001) found  in studies sim ulating d rift o f 
g lu fosinate tha t phyto tox ic ity  (reduced grow th) to  vegeta tion  could be 
de tec ted  at 2% o f the fie ld  dose. A t doses tha t w ou ld  no t be expected 
m ore than a m eter or tw o outside the fie ld  (32 and 64% o f fie ld  dose), the 
vegeta tion  biomass and num ber o f species w ith in  the  sprayed area was 
reduced. There was no th ing  surprising in this study, as glufosinate is a 
broad-spectrum  herbicide.
Ellis and G riffin (2002) evaluated the  response o f non-transgenic soybean 
and co tton  to  s im ulated d rift o f g lyphosate and glufosinate. Soybean and 
co tton  injury and he ight reductions occurred in m ost cases. Soybean 
he ight was reduced by no m ore than 11%, regardless o f herb ic ide rate or 
tim ing . There was no substantia l d ifference in the  sensitivity o f soybean to  
g lyphosate and glufosinate. W hen herbicides were app lied  late, soybean 
was m ore sensitive to  g lu fosinate in the  first year (Table 5). C o tton was 
more sensitive to  g lu fosinate than to  g lyphosate 7 days after application in 
bo th  years, regardless o f tim ing , bu t by 28 days differences between the 
herbicides were less apparent, as there were litt le  o r no residual effects o f 
e ither herb ic ide at this tim e. A  sim ilar study was done w ith rice and maize 
w ith sim ilar results (Ellis et al., 2003). Injury to  bo th  crops was seen, 
pa rticu la rly  w hen a p p lie d  early at the  h ighest rate (12.5% o f th e  
recom m ended rate fo r weed m anagem ent).
Table 5. Injury o f non-transgenic soybean after s im ulated d rift rates o f 
g lyphosate and g lu fosinate at tw o application tim ings (adapted from  Ellis 
and Griffin, 2002 w ith permission)
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Herbicide
Soybean injury (%) 
7 DAT’
Rate g ai/ha 9 Early tim ing Late tim ing
































1 1 Days A f te r  T rea tm e n t
A p p lic a t io n  t im in g s  co rre s p o n d  to  2  to  3  tr ifo lia te  (early tim in g ) a n d  firs t f lo w e r (la te  tim ing ). 
D ata a ve ra g e d  across years. D a ta  are  fo r  1988 a n d  1999. The 1999 da ta  are in pa ren theses  
3 Rates co rre s p o n d  to  12.5, 6.3, 3.2, a n d  0.8%  o f  th e  la b e le d  rates o f  1.12 g  a i/ha  g lyp h o sa te  
a n d  420  g  a i/h a  g lu fo s in a te
Glyphosate, sprayed du ring  seed m atura tion , can dram atica lly  affect seed 
quality (Cerdeira e t a/., 1985). Blackburn and B outin  (2003) de te rm ined  
whether g lyphosate w ou ld  have an effect on th e  ge rm in a tio n  and grow th 
o f the  F1 generation o f seeds p roduced  by p lan ts  sprayed w ith the 
herbicide. O f the  11 species tested, using trea tm e n ts  o f up to  890 g a.i./ha 
sprayed near seed maturity, seven show ed a s ig n ifica n t e ffect o f the  
g lyphosate trea tm ent on germ ination a n d /o r g ro w th  characteristics. The 
authors concluded tha t results o f this exp e rim e n t, to g e th e r w ith  several 
previous studies reviewed in this paper, suggest th a t the re  are s ign ificant 
effects to  keep in m ind when using he rb ic ides such as g lyphosate , as 
s ignificant eco log ica l changes cou ld occur.
The objective o f using herbicides in agroecosystem s is to  cause severe 
changes in p lan t species c o m p o s itio n  and de n s ity  w ith in  the  
agroecosystem. The desired effect dissipates over a re la tive ly short distance 
from  the fie ld, if the herbicide is used properly. As sta ted  above, these 
effects are no d iffe rent than those caused by he rb ic ides in non-HRCs.
In Europe there  has been som e con trove rsy  a b o u t the effects on 
biod ivers ity  by HRCs in farm-scale eva luation stud ies. In Europe, much 
m ore than in N orth  Am erica, there is a des ire  to  in co rpo ra te  the  
m aintenance o f som e weed species w ith in  crops to  m ainta in  eco log ica l 
diversity. Studies have linked the presence o f w eeds to  b iod ive rs ity  o f 
invertebrates, w ild life , and birds, since w eeds p ro v id e  a fo o d  supp ly fo r 
these animals. Marshall (2001) speculated th a t the  curren tly  available HRCs 
seem unlikely to  provide the  required f le x ib ility  o f m anagem en t fo r leaving 
suffic ient weeds fo r these purposes. Perry et al. (2004) fou nd  la rger weed 
abundance in fo d d e r maize w ith HRCs than  w ith  conven tiona l weed 
m anagem ent. Dewar e t al. (2003) devised a s tra tegy  to  use band  spraying 
in HRCs to  increase b iod ivers ity  w ith in  th e  crop  and p ro v id ing  a hab ita t fo r 
birds and w ild life . Their m ethod o f leaving  w eeds be tw een crop rows 
cou ld , in som e cases, be used w ith ou t c o m p ro m is in g  crop y ie ld . Some 
have suggested tha t b iod ivers ity  w ou ld  be  increased w ith  HRCs th a t use 
broad-spectrum , fo lia r-app lied  herb ic ides like g lyph osa te  and g lu fosinate , 
since the  farm er can w ait to  spray weeds a fte r the re  has been som e w eed 
grow th, p rov id ing  habita ts an d /o r fo o d  fo r  b irds, a rth ropods, o the r 
herbivores, etc. However, Freckleton e t al. (2004), using w eed pheno log ies  
and a popu la tion  m odel, found tha t such, e ffects w ou ld  p ro b a b ly  be 
transient. They suggested tha t if he rb ic ide  a p p lica tio n  cou ld  be ceased 
earlier, a viable popu la tion  o f la te -em erg ing  w eeds cou ld  be m ainta ined. 
M ost North Am erican farmers strive to  rid  th e ir  fie lds  o f weeds and weed 
seeds. In a m ulti-year study in A rgentina in g lyphosa te -res is tan t soybean in 
which glyphosate was used continuously, w eed species d iversity decreased
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or rem ained stab le early in the  g row ing season and increased by harvest 
tim e  as a result o f th is  w eed m anagem ent choice (Vitta e t a/., 2004). 
Perhaps an even g re a te r e ffec t on non-ta rge t p lan t life than tha t caused by 
the  he rb ic ide  associa ted w ith  th e  HRC is the effect o f tillage  on vegetation. 
N o -tilla g e  ag ricu ltu re  results in w eed species shifts (see section 8.2) and 
results in m ore ve g e ta tio n  on the  fie ld  be fore and after the pe riod  o f crop 
p ro du c tion , resu lting  in im p roved  hab ita t fo r o ther organisms.
HRC tu rf grass m ay p resen t an o the r m ethod o f a ffecting non-target plants. 
Grass c lipp ing s  from  g lyphosate -res is tan t creeping bentgrass tha t had 
been sprayed w ith  g lyphosa te  fo r w eed contro l possessed enough residual 
g lyphosa te  fo r th ree  days a fte r trea tm e n t to  cause injury to  o ther species 
when used as a m ulch (Goss et al., 2004).
As we m en tio n e d  earlier, g lyphosa te  and g lu fosinate are less likely to  
po llu te  g ro un d  and surface waters than many o f the  herbicides tha t they 
replace. A  life -cycle  assessment techn ique  used to  com pare conventional 
sugarbee t ag ricu ltu ra l p ractices w ith  risks tha t m igh t be expected if 
g lyphosate -res is tan t sug a rb ee t were grown suggested tha t g row ing this 
HRC w o u ld  be less harm fu l to  th e  eco logy o f water fo r the herbic ide- 
to le ra n t crop  than fo r the  conven tiona l crop (Bennett e t al., 2004, Figure 6). 
These results suggest less im p ac t o f glyphosate-resistant crops on aquatic 
vege ta tion  than conven tiona lly  grow n crops.
Ecotoxicity (kg Cr cq.) Acidification (kg S 02 cq.) Nutrification (kg P 04 cq.)
UKA UKB GER Ht UKA UKB GER Ht UKA UKB GER Ht
F igu re  6. The im pacts o f typical herbicide regimes for conventional 
com pared with genetically m odified  (GM) glyphosate-resistant sugarbeet in 
the UK and Germ any in term s o f ecotoxicity [kg chromium (Cr) equivalent], 
acidification [kg su lphur d ioxide  (SO J equivalent] and nutrification [kg 
phosphate (PO J equivalent] p e r  functional unit. UKA and UKB are two 
different herb icide regim es used  with non-transgenic sugarbeet in the UK, 
G ER is a typical herb icide regim e used  with non-transgenic sugarbeet in 
Germany, and Ht is the use o f  glyphosate only with glyphosate-resistant 
sugarbeet (reprinted from Bennett e t al.( 2004 with permission)
The ind irect e ffect o f HRC herbicides on plants th rough  the ir influence on 
p lan t pa thogens is discussed in Section 6.3. Subtle effects o f sublethal 
concentrations o f these herbicides on non-target vege ta tion  through this 
mechanism have no t been stud ied in the  fie ld.
6.2 Soil organisms
The po tentia l d irec t effects o f HRCs and the ir m anagem ent include 
changes in soil m icrobia l activ ity due to  d irect effects o f the herbicides 
used w ith the  HRC, differences in the am ount and com position  o f roo t 
exudates, changes in m icrobia l functions resulting from  gene transfer from  
the transgenic crop, and alte ration in m icrobia l popu la tions because o f the  
effects o f m anagem ent practices fo r transgenic crops, such as changes in 
o ther herb ic ide applications and tillage  (reviewed in part by Dunfie ld and 
Germ ida, 2004). M ost o f the available literature addresses the  first effect. 
Brom oxynil is m ore tox ic  to  soil m icrobes than are glufosinate and 
glyphosate. Debona and Audus (1970) found  brom oxyn il to  be in the  
m idrange o f herbicides inh ib iting  soil n itrifica tion  processes. The tox ic ity  o f 
fou rteen herbicides was assessed by the ir effects on pure cultures o f 
Nitrosomonas europaea  and Nitrobacter winogradskii and soil n itrifica tion  
processes (Ratnayake and Audus, 1978). Brom oxynil was one o f the  least 
tox ic  herbicides in this study. Kristufek and Blumauerova (1983) found  lower 
am ounts and num bers o f actinom ycetes in three horizons o f fo rest soil 
trea ted w ith brom oxyn il than in untreated soil. Studies on the  in teraction 
o f brom oxyn il w ith Azospirillum  species and the grow th  o f maize have 
shown tha t ne ither inocu lation nor herb ic ide app lica tion  w ith o r w ith ou t 
inocu lation had any s ign ificant e ffect on the  m ajor groups o f soil m icroflora 
(bacteria, actinom ycetes, and fungi) (Fayez, e t a/.,1983). Incorpora tion in 
soil o f brom oxynil at the  recom m ended fie ld  dose had no effect on the  
nitrogenase or dehydrogenase activities. Brom oxynil increased dry w e igh t 
o f roots and shoots o f crops after 45 days, and th is effect was m ore 
pronounced when app lied  w ith Azospirillum  spp..
G yam fi e t a/. (2002) eva lua ted  poss ib le  shifts in eu ba c te ria l and 
Pseudomonas spp. rhizosphere com m unity  structures due to  the release o f 
g lu fos ina te -res is tan t o ilseed rape and its associa ted he rb ic ide  use. 
Treatments included cu ltivation o f the transgenic p lan t as well as o f the  
w ild -type  cultivar in com b ina tion  w ith mechanized removal o f weeds and 
the app lica tion  o f the  herbicides g lu fosinate and metazachlor. Rhizosphere 
soil was sam pled from  early and late flow ering  plants, as well as from  
senescent p lan ts. A  c u ltu re - in d e p e n d e n t approach was chosen to  
characterize m icrobia l com m unities based on analysis o f 16S rRNA gene 
fragm ents am p lified  from  rhizosphere DNA. D om inant pseudom onads in
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the  rhizosphere were analyzed by sequence analysis. W hole com m unity 
and  Pseudom onas f in g e rp rin ts  revealed s ligh tly  a lte red  m icrob ia l 
com m unities in the rhizosphere o f transgenic plants; however, the effects 
were m inor as com pared to  the p lant developm enta l s tage-dependent 
shifts. Both herbicides (glufosinate and metazachlor) caused transient 
changes in the eubacterial and Pseudomonas spp. popu la tion  structure, 
whereas differences due to  the gene tic  m od ifica tion  were still de tected  at 
the  senescent growth stage. The observed differences between transgenic 
and w ild -type  lines may have been due to  un in tentiona lly  m od ifie d  p lan t 
characteristics such as a ltered roo t exudation.
In general, there is little  o r no e ffect o f g lyphosate on soil m icroflora. For 
exam ple, G om ez and Sagardoy (1985) found  no effect o f g lyphosate on 
m icro flora o f soils in A rgentina at tw ice  the  recom m ended rates o f the 
herb ic ide . Studies on the effect o f g lyphosate on m icrobia l activity o f 
typ ica l H ap ludu lt and H apludox Brazilian soils measured by soil respiration 
(evo lution o f CO?) and fluorescein d iaceta te (FDA) hydrolysis revealed an 
increase o f 10-15% in the  C 0 2 evolved and a 9-19% increase in FDA 
hydrolyses in the  presence o f g lyphosate (Araujo et al., 2003). Soil which 
had been exposed to  g lyphosate fo r several years had a strong response 
in m icrob ia l activity. A fte r 32 days incubation w ith glyphosate, the  num ber 
o f actinom ycetes and fung i had increased, w h ile the  num ber o f bacteria 
was s ligh tly  reduced. A fte r the incubation period, HPLC de tec ted  the 
g lyphosate m etabo lite  AMPA, ind ica ting  g lyphosate degradation  by soil 
m icroorganism s. O ther studies (Haney e t al., 2000, 2002) have generated 
data s trong ly suggesting tha t g lyphosate causes enhanced m icrobia l 
activ ity directly. An increase in the  carbon m ineralization rate occurred the 
first day fo llow ing  g lyphosate add ition  and con tinued fo r 14 d (Figure 3). 
G lyphosate appeared to  be rap id ly degraded  by soil m icrobes regardless 
o f soil type  or organic m atter content, even at high app lica tion  rates, 
w ith o u t adversely a ffecting m icrobia l activity. In relation to  leaching o f 
g lyphosate an d /o r its m etabo lite  AMPA, it was stud ied in four lysimeters, 
from  a low -tillage fie ld  and from  a normal tillage  fie ld . A  s ignificant 
d ifference betw een the soil residual concentrations o f the herb ic ide has 
been seen unde r d iffe re n t m anagem en t reg im es. The h igher 
concen tra tion  was found  in the  lysimeters where low -tillage had been 
practiced (Fom sgaard e ta /., 2003).
Siciliano and Germ ida (1999) found differences in rhizosphere-associated 
m icrobes betw een a g lyphosate-resistant and tw o non-transgenic canola 
cultivars. Endophytic  bacteria l popu la tions also varied between cultivars. In 
a later study, D unfie ld  and Germ ida (2001)-concluded tha t there were 
differences in bacteria l com m unities in the  rhizosphere o f HRC canola
varieties com pared to  non-transgenic varieties. However, the  changes were 
tem porary, and d id  no t persist until the next fie ld  season (Dunfie ld and 
Germ ida, 2003). The m icrobia l com m unities associated w ith g lu fos inate - 
resistant m aize d id  no t d iffe r in th e ir  s ing le  strand c o n fo rm a tio n  
po lym orphism  patterns from  those associated w ith non-transgenic maize 
(Schm alenberger and Tebbe, 2002).
The soybean n itro g e n -fix in g  sym b ion t Bradyrhizobium japonicum  
possesses a g lyphosate-sensitive EPSPS, and upon exposure to  g lyphosate  
accumulates high concentrations o f shikim ate and certain benzoic acids 
tha t can be p lant grow th inh ib itors (M oorm an et al., 1992). These effects 
are accom panied by grow th inh ib ition  and /o r death o f the  m icrobe, 
depend ing  on the g lyphosate concentration. This paper suggested tha t 
there cou ld be unexpected effects o f g lyphosate on n itrogen m etabolism  
in g lyphosate-resistant soybeans. Furtherm ore, g lyphosate is trans loca ted 
to  nodules o f glyphosate-resistant soybeans (Reddy and Zablotow icz,
2003). Subsequent research (King et al., 2001; Reddy et al., 2000) 
summarized by Zablotow icz and Reddy (2004) has ind ica ted tha t such 
effects as the reduction in nodu lation, nodu le size, and le gh em og lo b in  
con tent o f nodules can be caused in g lyphosate-resistant soybeans 
sprayed w ith glyphosate. However, the  e ffect o f g lyphosate on n itrogenase 
activ ity in nodules from  g lyphosate-resistant soybeans in fie ld  stud ies was 
inconsistent. G reenhouse studies ind ica ted tha t the  effects should be 
maximal under m oisture stress. Sensitivity o f B. japonicum  strains varied. In 
the fie ld , the  effects are transient, and there  is no evidence th a t crop y ie ld  
is affected.
M otavalli e t al. (2004) concluded in a review tha t there is so far no 
conclusive evidence tha t those HRCs and o ther transgenic crops which 
have been de regu la ted and used in many cropp ing  situa tions in many 
clim ates and soil types over the past 10 years have had any s ign ifican t 
effect on nu trien t transform ations by m icrobes. However, they p o in t ou t 
tha t th is to p ic  needs fu rthe r study, as no t every situa tion has been 
adequate ly researched. In another recent review, D unfie ld and G erm ida 
(2004) stressed tha t the  effects shown are fie ld  site and season d e pe nd en t 
and tha t the  m ethod  o f analysis can affect the  results. They p o in t o u t tha t 
the changes in m icrobia l com m unities associated w ith HRCs are m ore 
variable and transien t com pared to  those caused by o the r agricu ltura l 
practices such as crop rotation, tillage , use o f certain o ther herb ic ides, and 
irrigation. Nevertheless, they sta ted tha t m inor alterations in the  to ta l 
d ivers ity  o f the  soil m icrob ia l com m unity, such as the  rem oval o r 
appearance o f certain m icrobes, fo r exam ple rh izobacteria o r p lan t 
pa thogens cou ld  affect soil health and ecosystem function ing . So far, the re
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appear to  be  no sign ificant harmful effects o f the three HRC herbicides 
(g lyphosate, glufosinate, and brom oxynil) and the ir use w ith HRCs on soil 
m icroorganism s. Kowalchuk e t al. (2003), in a review o f the  effects o f all 
transgen ic crops on soil m icrobes, states tha t observed effects have 
genera lly been m inor and tha t they are very small in com parison w ith o ther 
sources o f variation. They propose case-by-case approaches tha t targe t 
b o th  po ten tia lly  vulnerable m icrobes, as well as com m unity  param eters in 
eva luating the  im pact o f transgenic crops on soil m icroorganisms.
6.3 Plant pathogens
The effects o f pesticides on plant pathogens tha t affect crops have been an 
understud ied  and controversial top ic  (Altman, 1993). Since HRC crops made 
resistant to  brom oxynil and glufosinate use rapid m etabolic inactivation o f 
the herb ic ide  by a transgene-encoded enzyme as a resistance mechanism, 
it seems unlikely tha t these herbicides, when used w ith HRCs, will affect the 
crop's response to  a p lant pathogen. However, this is no t the  case w ith 
glyphosate. Furthermore, glyphosate is tox ic  to  many microorganisms, 
inc lud ing p lan t pathogens (e.g., Toubia-Rahme e t al., 1995; Wyss and 
M uller-Scharer, 2001) and even som e anim al pa thogens, such as 
apicom plexan parasites (e.g ., Plasmodium  spp.) contain ing the apicoplast 
(Roberts e t al., 1998). N o t all fungi are susceptib le to  pure glyphosate. For 
exam ple, M orjan e t al. (2002) found tha t g lyphosate alone was not 
fun g ic id a l to  the  e n to m o p a th o g e n ic  fung i Beauveria bassiana, 
Metarrhizium anisopliae, Nomuraea rileyi, and Neozygites floridana. 
However, when form ulated, N. floridana and M. anisopliae were susceptible 
to  all g lyphosate form ulations. The four fung i were susceptible to  various 
glyphosate form ulations when exposed to  fie ld  concentrations.
Kremer et al. (2001) com pared the effects o f glyphosate, a conventional 
herbicide m ix (pendim ethalin plus imazaquin), and glyphosate plus the 
conventional herbicide m ix on soil m icrobes in four glyphosate-resistant 
soybean varieties at e ight sites. The frequency o f Fusarium  spp. on roots 
increased 0.5 - 5X at 2 or 4 weeks after the application o f glyphosate or 
glyphosate plus conventional herbicides com pared w ith the conventional 
herbicide alone. In another study, Fusarium  spp. populations increased after 
glyphosate trea tm ent o f weeds in the fie ld, bu t crops subsequently grown in 
these fields were not affected by Fusarium  spp. (Levesque e t al., 1987). 
G lyphosate inh ib its  the  grow th o f the  p lan t pa thogen tha t causes red 
crown rot (Calonectria crotalariae) on soybean (Berner e t al., 1991). Field 
tria ls showed a reduction in red crown ro t incidence w ith prep lant 
applications o f low  rates o f glyphosate. In a laboratory study, g row th o f 
Pythium ultimum  and Fusarium solani cou ld be stim ulated or inh ib ited ,
depend ing  on glyphosate concentra tion (Kawate e t al., 1992). Dead or 
dying weeds can provide a go od  m icroenvironm ent fo r p lan t pathogens. 
Pythium ultimum and Fusarium solani popu la tions increased in soils 
conta in ing g lyphosate -trea ted weeds (Kawate et al., 1997). Smiley et al. 
(1992) found  tha t the  incidence o f Rhizoctonia roo t ro t was m ore severe 
and yie lds lower when intervals between g lyphosate trea tm ent and crop 
p lan ting  were short, which they a ttr ibu ted  to  greater ava ilab ility  o f 
nutrients from  dying weeds fo r pa thogen popu lations.
G lyphosate can also affect how a p lan t responds to  a pathogen. In non- 
glyphosate-resistant plants, it is well docum ented  tha t g lyphosate can 
make the p lan t m ore susceptib le to  p lan t pa thogens (e .g ., Johal and Rahe, 
1988; Liu et al., 1997), largely or at least partly by inh ib iting  the p roduc tion  
o f defense-re la ted com pounds derived from  the  shikim ate pathway such 
as some phytoalexins and lignin. Low doses o f g lyphosate can som etim es 
make resistant cultivars susceptib le  to  p lan t disease (Brammall and 
H iggins, 1988). G lyphosate was even pa ten ted  as a synergist fo r a p lan t 
pa thogen tha t contro ls weeds (Christy et al., 1993). Theoretically, reduced 
resistance to  p lan t pa thogens caused by g lyphosate th rough  these 
processes should no t occur in g lyphosate-resistant crops.
Nevertheless, there have been reports o f increased susceptib ility  o f 
glyphosate-resistant crops to  p lan t pathogens. Farmers in M ich igan have 
reported an increased susceptib ility  o f g lyphosate-resistant soybean to  
Sclerotinia sclerotiorum  (Lee et al., 2003). N e ither glyphosate, nor its 
fo rm ula tion  com ponents, nor the  g lyphosate resistance transgene were 
im p lica ted in the  increased susceptib ility  (Lee et al., 2000). In th is case, 
there was no effect o f g lyphosate o r the  shading from  the narrower rows 
tha t farmers use w ith this crop on the  plant's defense. In a w ide r study, 
Harikishnan and Yang (2002) concluded tha t g lyphosate-resistan t and 
-suscep tib le  soybeans reacted sim ilarly to  m ost herb ic ide trea tm ents w ith 
respect to  roo t ro t and dam ping  o ff diseases cause by Rhizoctonia solani. 
Similarly, the  response o f g lyphosate-resistant soybeans to  Fusarium  
solani-caused sudden death syndrom e (SDS) was no t d iffe ren t than th a t o f 
conventional soybeans and was no t a ffected by the  ap p lica tio n  o f 
g lyphosate (Sanogo e t al., 2001). N ijiti et al. (2003) had sim ilar results w ith
F. solani-caused SDS in soybeans, as in fluenced by g lyphosate and the 
glyphosate resistance tra it. Nelson e t al. (2002) had m ixed results w ith 
d iffe ren t glyphosate-resistant soybean cultivars and the ap p lica tio n  o f 
d iffe ren t herbicides to  these cultivars w ith respect to  suscep tib ility  to  
Sclerotin ia sclerotiorum -caused stem  rot. T h ifensu lfu ron  tre a tm e n t 
resulted in lower disease severity in isogenic g lyphosate susceptib le  
cultivars than w ith g lyphosate-resistant cultivars. Sulfonylurea herbic ides,
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such as th ifensulfu ron, have been reported  to  stim ulate the production  o f 
p roduc ts  o f the  shikim ate pathway (e.g., Suttle e t a/., 1983), from  which 
som e phytoalex ins are derived.
Evaluating pest managem ent implications o f glyphosate-resistance in wheat, 
Lyon e t al. (2002), considered tha t a lack o f an equally effective and affordable 
herbicide to  control glyphosate-resistant volunteer wheat, could increase 
wheat diseases such as wheat streak mosaic and Rhizoctonia root rot.
Field observa tions in O hio  suggested a possib le in teraction between 
soybean cyst nem atode (SCN) and glyphosate in a transgenic glyphosate- 
resistant variety tha t also expresses SCN resistance derived from  the 
'PI88788' soybean line (Yang e t al., 2002). To investigate this possible 
in te raction  under con tro lled  conditions, greenhouse experim ents were 
co n d u c te d . Inocu la tion  w ith  SCN reduced shoo t fresh w e ig h t o f 
glyphosate -res is tan t soybean 8 to  29% across all experim ents, bu t there 
was no in te raction  o f g lyphosate and SCN in glyphosate-resistant soybean. 
G lufosinate is toxic to  various microbes (e.g., Tubajika and Damann, 2002) 
and could act as a fungicide when sprayed on glufosinate-resistant crops. This 
has been dem onstrated with Pseudomonas syringae Pathovar Glycinea in 
glufosinate-resistant soybeans (Pline et al., 2001). Colony-form ing units were 
reduced 45 and 60 % in inoculated soybeans w ith 0.5 and 1.0 kg/ha 
glufosinate, respectively. In glufosinate-resistant rice, glufosinate application 
decreased sym ptom s caused by the pathogen Magnaporthe grisea  (Tada e t 
al., 1996). Sheath b ligh t caused by Rhizoctonia solani was prevented by the 
application o f glufosinate or bialaphos (a peptide tha t is converted to  
glufosinate by the plant) to  glufosinate-resistant rice (Uchimiya et al., 1993) 
and creeping bentgrass (Liu e t al., 1998). Rhizoctonia solani and Sclerotinia 
homeocarpa  were contro lled by glufosinate in two glufosinate-resistant 
Agrostis (bentgrass) species (Wang et al., 2003), indicating tha t this herbicide 
could be used to  control bo th weeds and fungal p lant pathogens in these 
transgenic tu rf grasses.
O ne unexpected  aspect o f the  in teractions between HRCs and pathogens 
is tha t if th e  expression o f the  herb ic ide resistance transgene is p rom oted  
by cau liflow er m osaic virus 35S prom oter, the  expression o f the  resistance 
gene can be reduced if the crop is in fected w ith cauliflower mosaic virus, 
leaving the  crop  susceptib le to  the  herb ic ide  (Al-Kaff e t al., 2000). This has 
no t yet been repo rted  in the  fie ld.
In summary, the re  are cases in which the herb ic ide o r the  HRC itself may 
influence p lan t pa thogens e ither negatively o r positively. However, m ost o f 
the  data suggest tha t the  herbic ide/H RC com bination  fo r g lu fosinate and 
g lyphosate m ay be prov id ing  som e disease reduction. Much m ore work 
needs to  be done  to  study these effects to  be tte r use HRCs in in tegra ted
pest m anagem ent.
6.4. Arthropods
Bromoxynil and glyphosate have no t been reported  to  have insecticidal or 
o ther activities against arthropods. However, any herb ic ide can ind irec tly  
affect a rth ropod  popu la tions and species com positions in an area by its 
effects on vegetation. Furtherm ore, changes in cropp ing  systems (e .g ., 
changing from  tillage  to  no-tillage) can drastically influence a rth ro po d  
populations.
V irtually all studies on the d irect effects o f g lyphosate on a rthropods show 
no s ignificant effects. For exam ple, Haughton e t al. (2001), in a study o f the 
effects o f g lyphosate on spiders, stated tha t " th e ir results suppo rt o th e r 
lim ited  data which suggest tha t g lyphosate is harmless to  non-ta rge t 
arth ropods." G om ez and Sagardoy (1985) found no effects o f g lyphosate  
on m icroarthropods in soil at doub le  the  recom m ended app lica tion  rates. 
An ind irect effect o f the herb ic ide through effects on w eed species 
com positions and densities is more likely. For exam ple, Jackson and Pitre 
(2004) fo u n d  th a t p o p u la tio n s  o f ad u lt Cerotom a trifurcata, a d u lt 
Spissistilus festinus, larvae o f Plathypena scabra, and the ca te rp illa r o f 
Anticarsia gemmatalis were unaffected by g lyphosate-resistant soybeans 
or by recom m ended or de layed doses o f glyphosate. But, adu lt G eocoris  
punctipes popu la tions were decreased by the  herbic ide. The authors 
concluded th a t this effect was due to  reduced w eed densities a fter 
g lyphosate treatm ent.
Host p lan t su itab ility  to  green cloverworm  (Hypena scabra) was eva luated 
on tw o conventional soybean varieties and tw o g lyphosate -res is tan t 
varieties, w ith and w ith ou t exposure to  g lyphosate (Morjan and Pedigo, 
2002). No differences am ong treatm ents were de tec ted  on deve lopm en ta l 
tim e  and survivorship. No sex bias or m orpho log ica l e ffect was de te c te d  
am ong treatm ents. Soybean gene tic  differences (between conven tiona l 
varieties and analogous transgenic varieties) or p lan t stress (induced  by 
glyphosate) d id  no t affect the  p lan t su itab ility  to  H. scabra.
W eed m anagem ent systems tha t a llow ed m ore weeds genera lly  had 
higher insect popu la tion  densities (Buckelew, e t al., 2000). But, som e 
species d id  no t f it  th is generalization, as systems w ith few e r w eeds 
appeared to  be pre ferred by po ta to  leafhoppers (Empoasca fabae). Bean 
leaf beetles (Cerotoma trifurcate) and po ta to  leafhoppers pre fe rred  certain 
soybean varieties; bu t these effects were a ttribu ted  to  soybean p lan t 
he ight. Their find ings (Table 6) indicate tha t a lthough the  g lyphosa te - 
resistant soybean varieties d id  no t strongly affect insect popu la tions , w eed 
m anagem ent systems can affect insect popu la tions in soybean.
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Table 6. Mean num ber o f insects per 20 sweeps co llected from  transgenic 
and non-transgenic soybean varieties in tw o weed m anagem ent systems 



















G lyphosa te -
resistant
3.96a 5.94c 0.49a 1.13a 1.11a 1.17a
G lyphosa te -
res is tant3
3.87ab 7.29b 0.44a 1.14a 0.92a 1.05ab
G lufosina te -
resistant
3.53b 6.02bc 0.57a 1.28a 1.65a 0.89b
STSb 3.48b 6.14bc 0.53a 1.10a 0.82a 1.10ab
Jack3 4.52a 4.95c 0.29a 0.97a 1.13a 0.91b




3.69a 6.70b 0.64a 1.25a 1.66a 1.16a
C o n tro l/ Hand- 
w eeded
3.95a 7.6a 0.32b 1.00b 0.59b 0.92b
Means followed by the same letter are not significantly different (p > 0.05). 
aDenotes a variety that is also resistant to soybean cyst nematode. 
b Denotes a non-transgenic variety that is resistant to sulfonylurea herbicides.
G lufosinate can be tox ic  to  insects. Kutlesa and Caveney (2001) found  
glu fosinate app lied  to  leaf surfaces to  be tox ic  to  the first instar caterp illars 
o f the  bu tte rfly  Calpodes ethlius. The ingested levels th a t cause tox ic ity  
were com parable to  those tha t m igh t realistically be consum ed from  
feed ing  on g lu fos inate -trea ted crops. The tox ic ity  was apparen tly  due to  
inh ib ition  o f the  insect's g lu tam ine synthetase, the same ta rg e t s ite tha t it 
acts on in plants.
In studies o f the effects o f glufosinate or g lufosinate-resistant sugarbeet, 
com pared to  non-transgenic sugarbeet w ith o ther herbicides, on ep igeous 
predators o f insects (Araneae, Carabidae, Staphylinidae), no long  term  
effects could be p red ic ted  (Volkmar e t al., 2003). There was no evidence o f 
any negative effects du ring  the  3-year study. Furtherm ore, num erous 
endangered spiders and carabids were found on bo th  the  transgen ic  and 
the  conven tional sugar bee t p lots. Acute tox ic ity  o f g lu fos ina te  to  
spring ta ils (Paronychiurus kimi) was neg lig ib le  in a laboratory s tudy (Kang 
e t a/., 2001).
In studies on the  tox ic ity  o f g lufosinate-am m onium  to  p re da to ry  insects 
and preda to ry m ite  species at a concentra tion o f 540 ppm  (an app lica tion  
rate fo r weed contro l in apple orchards), g lu fos ina te -am m on ium  was only 
weakly tox ic  to  eggs o f Amblyseius womersleyi, Phytoseiulus persimilis, 
and Tetranychus urticae bu t was high ly tox ic  to  nymphs and adu lts  o f these 
three m ite  species, ind ica ting  tha t a com m on m ode o f action  betw een 
p reda to ry and phytophagous m ites m igh t be involved (Ahn e t al., 2001). 
L ittle o r no harm to  larvae or pupae o f the preda to ry insect Chyrsopa 
pallens was seen, bu t the  herb ic ide s ignificantly a ffected Orius strigicollis 
(Table 7). The larvae and nymphs o f predators d ied  w ith in  12 h after 
treatm ent, suggesting tha t the larvicidal and nym phicida l ac tion  may be 
a ttribu tab le  to  a d irec t effect. The authors suggested th a t g lu fos inate - 
am m onium  merits fu rthe r study as a key com ponent o f in te g ra te d  pest 
m anagem ent.
In summary, there is little  evidence o f any d irect e ffect o f th e  herb ic ides 
used w ith HRCs on arthropods in the  fie ld  o r in natural environm ents. 
Effects o f HRCs and associated cultural practices can a ffect a rthopods 
indirectly.
6.5. Birds and wildlife
Using the LD5o dose o f g lyphosate and o the r herbicides fo r rats, the 
env ironm en ta l e ffec t o f th e  use o f g lyph osa te -re s is tan t soybeans 
com pared to  the use o f non-trangenic soybeans fo r over 1400 US M idwest 
farms was estim ated by Nelson and Bullock (2003). Unlike m os t previous 
studies, th is one considered the  relative tox ic ity  o f h e rb ic ide  choices
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Table 7. Toxicity o f g lu fosinate-am m onium  to  each developm enta l stage 
o f O. str/gicollis using d irect contact app lica tion  (from Ahn et at., 2001 w ith 
perm ission)
Concentration M orta lity  (%)
(ppm , a.i.) Egg Nym pha Adult
2,160 ND ND 95a
1,080 90a 90a 72b
540 71a 65b 58b
270 64bc 55c 40c
135 61c 47c 34c
67 43d 35d 33c
a.i., active ingredient. ND., N o t determ ined. Means within a column fo llowed by 
the same le tte r are no t significantly different (p=0.05). ’ Third instars
ava ilab le  to  farm ers. The s im u la tion  m ode l results suggested  tha t 
g lyphosate -res is tan t soybean techno logy  is m ore environm enta lly friendly, 
especially w ith  regard to  mam m alian toxicity, than o ther techno log ies for 
all farm s in the  m idw est o f the  U.S.A. (Figure 7). The effect was generally 
m ore p ronounced  in the  southern part o f the m idwest, where a longer 
g row ing  season makes overall weed pressure m ore serious, resulting in 
m ore herb ic ide  use.
Peterson and H u lting  (2004) com pared the  ecologica l risks o f g lyphosate 
used in g lyphosate-resistant wheat w ith those associated w ith 16 other 
herb ic ides used in spring  wheat in the  northern Great Plains o f the  USA. A 
T ier 1 quan tita tive  risk assessment m ethod was used. They evaluated acute 
d ie ta ry  risk to  b irds  and w ild  m am m als and acute risk to  aquatic 
vertebrates, aqua tic  invertebrates, and aquatic plants, and effects on 
seed ling  em ergence and vegetative v igo r to  non-target terrestria l plants. 
They also es tim a ted  groundw ate r exposure. They found  less risk w ith 
g lyph osa te  tha n  w ith  m ost o th e r he rb ic ides  to  aqua tic  plants, 
groundwater, and non-ta rge t p lan t seedling em ergence (Table 8).
HRCs can affect birds and w ild life  indirectly by a lte ring hab ita t and foo d  
sources by effective ly reducing weed biomass and /o r chang ing weed 
species com position  w ith in  the agricultural fie ld. W e m en tioned  above the 
studies by Dewar et al. (2003) and Perry e t al. (2004) th a t have shown or 
pred ic ted ind irect effects o f HRCs on w ild life  th rough effects on habitat. 
The herb ic ide can be app lied  later in the grow ing season w ith HRCs that 
are resistant to  g lyphosate or glufosinate, because these herbicides are 
generally effective against m ost weed species at la ter g row th stages. If 
desired, this allows the farm er to  design a weed m anagem ent scheme that 
w ou ld  no t reduce yie ld, bu t w ould bene fit w ild life . S trandberg (2004) 
stud ied such possib ilities in HRC maize, canola, and sugarbeet and found 
some im provem ents in bo th  flora and fauna du ring  early summer, due to  a 
longer pestic ide-free w indow  during the  spring. However, he po in ts  ou t 
tha t g lyphosate and g lu fosinate use reduces weed seed p roduction , w ith 
possib le eventual negative consequences on w ild life . He concluded tha t 
long term  investigations o f cropp ing  systems w ith each HRC should be 
conducted to  understand the full effects (both positive and negative) on 
farm land w ild life.
Vegetation changes due to  the adop tion  o f no -tillage  agricu lture will 
alm ost certainly have effects on w ild life . W e are not aware o f studies on this 
indirect effect o f HRCs.
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F igu re  7. Average LDS0 doses o f herbicides in 3 by 3° grids o f  the upper 
Midwest o f the U.S.A. with and without glyphosate-resistant (GR) soybean, 
(reprinted from Nelson and Bullock, 2003 with perm ission)
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Table 8. P red icted relative eco log ica l risks o f herb ic ide active ingredients 









RR2 Aerobic soil 
half-life 
(days)
G lyphosa te 840 0.0005 1 2
2,4-D 560 0.005 10 5.5
B rom oxyn il 1,100 0.0004 0.8 2
C lod ina fo p 67 0.00003 0.06 1
C lopyra lid 146 0.06 120 26
D icam ba 280 0.1 220 18
F enoxaprop 90 0.000006 0.01 1
F lucarbazone 34 0.2 400 NA
M CPA 1,457 0.26 520 25
M etsu lfu ron 9 0.004 8 28
T hifensu lfu ron 22 0.0001 0.2 6
Tra lkoxydim 280 0.001 2 5
Tria llate 1,100 0.04 80 54
Triasulfuron 34 0.05 100 114
Tribenuron 16 0.00003 0.06 2
Triflura lin 1,100 0.009 18 169
1 Abbreviations: RR, relative risk; NA, not available
2RR: Relative Risk compared with glyphosate, value in b o ld  indicates greater risk 
relative to glyphosate
7. FOOD AND FEED  SAFETY
There are tw o  co m p on en ts  o f fo o d  safety associa ted w ith  HRCs. The 
he rb ic ides used w ith  th e  HRC can a lte r fo o d  safety if they o r the ir 
m e ta b o lic  p ro du c ts  are fo u n d  in th e  e d ib le  p o rtio n s  o f the  crop. The 
transgene itse lf cou ld  a lte r fo o d  safety, e ith e r d irec tly  o r indirectly. For 
regu la to ry  approva l, transgen ic  crops are scru tin ized to  a far greater level 
than conven tiona l crops, using analytical, n u trition a l, and tox ico log ica l 
m e thods  (A the rton , 2002; K ön ig  e t al., 2004; Malarkey, 2003), a lthough 
som e have p ro p o s e d  th a t even m ore extens ive  tests be done  by 
m e tab o lom ic , p ro te o m ic , and tra n sc rip to m ic  analysis to  de tec t po ten tia l 
un in te n d e d  effects o f th e  transgene and its insertion  on fo o d  safety and 
qua lity  (Cellin i e t al., 2004).
7.1 Herbicide residues
S urpris ing ly litt le  has been  p u b lishe d  on he rb ic id e  residues in HRC foods. 
M ost o f w ha t we know  is from  stud ies w ith  non-H RC crops. However, 
h e rb ic ide  residue data m ust be  su p p lie d  fo r reg u la to ry  approval o f HRCs. 
In th e  U.S.A., b ro m oxyn il is a res tric ted  use p e s tic id e  (RUP), and is no t 
reg is te red  fo r ho m eo w ne r use. RUPs m ay be purchased and used only by 
ce rtifie d  pe s tic id e  app lica to rs . Its acute oral LDso is 440 m g /kg  (Vencill, 
2002). D eve lo pm e n ta l to x ic ity  to  rats fed  da ily  doses o f b rom oxyn il has 
been  re p o rte d  (Rogers et al., 1991). It is ca te go rized  as tox ic ity  class II - 
m o d e ra te ly  tox ic . A n im a ls  d o  n o t con ta in  the  h e rb ic ide  m olecu lar ta rge t 
s ite o f b rom oxyn il (D1 p ro te in  o f pho tosys tem  II). W e have fou nd  no 
p u b lishe d  stud ies o f b ro m oxyn il residues in e d ib le  parts  o f co tton  (oil and 
c o tto n  seed m eal) o r canola (oil). Since brom oxyn il-res is tan t crops are no 
lo n g e r ava ilable, such stud ies are un like ly  to  be  d o ne  in the  future. 
G lyphosa te  acid and its salts are m odera te ly , to x ic  com pounds in EPA 
to x ic ity  class II. G lyphosa te  (e ither th e  an ion o r th e  isopropylam ine salt) is 
p ractica lly  no n to x ic  by inges tion , w ith  a re p o rte d  acu te  oral LD» o f >5000 
m g /k g  in ra t (Vencill, 2002). The trim e th y lsu lfo n iu m  salt o f g lyphosate  is 
m ore  tox ic , w ith  an ora l LD» o f a b o u t 705 m g /kg . It is no t a RUP and is a 
bes t-se lling  w e ed  k ille r fo r hom e use. A n im als d o  n o t conta in  the  herb ic ide  
m o lecu la r ta rg e t s ite (EPSPS) o f g lyphosa te .
Perhaps, because o f its w idesp read  use by the  genera l public, g lyphosate 
is am ong  the  pestic ides m ost fre q u e n tly  re p o rte d  to  th e  Californ ia EPA 
Pestic ide Illness Surveillance Program  (G o ldste in  et al., 2002). It analyzed 
g lyph osa te -re la te d  calls to  th e  Pestic ide Illness Surveillance Program in 
o rd e r to  assess th e  nu m be r o f reports  invo lv ing  sym ptom s and to  be tte r 
unde rs tand  th e  nature and severity o f re p o rte d  cases. Data on g lyphosate
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and o th e r pestic ides ava ilab le  fo r  th e  years 1982-1997 inc lud ing  ta rg e t 
organ(s) a ffec ted  (sk in /eye /resp ira to ry /system ic) is ava ilable. O f the  187 
system ic cases, on ly 22 had sym ptom s reco rded  as p ro b a b ly  o r d e fin ite ly  
re la ted  to  g lyphosa te  exposure  alone. The re p o rte d  sym ptom s were no t 
severe, e xp ec ted  to  be  lim ite d  in du ra tio n , and fre q u e n tly  incons is ten t w ith  
the  rou te  o f exposure a n d /o r p rev ious exp erience  w ith  g lyphosa te . 
O ccasiona l reports  o f severe effects o f inges tion  o f fo rm u la te d  g lyphosa te  
occur (e.g., Sorensen and G regersen , 1999; Stella and Ryan, 2004), 
however, th e  g lyph osa te -m o le cu le  itse lf is cons ide red  one o f the  m ost 
to x ic o lo g ic a lly  b e n ig n  h e rb ic id e s  ava ila b le . W illia m s  e t al. (2000) 
extensive ly review ed the  to x ic o lo g y  lite ra tu re  on g lyph osa te  and its 
m e tab o lites  and con c lu ded  th a t un de r p resen t and e xp ec ted  con d itions  o f 
use, g lyphosa te  does n o t pose a s ig n ifica n t health  risk to  humans.
In a tes tin g  p rogram  to  d e te c t w h e the r g lyphosa te -res is tan t soybeans had 
been sprayed w ith  g lyphosa te  o r no t, Lorenzatti e t al. (2004) fou nd  
g lyphosa te  and AM PA in green, im m a tu re  seeds. Recent w ork  o f ours 
(Duke e t al., 2003b) fo u n d  b o th  g lyphosa te  and its d e g ra d a tio n  p ro du c t, 
AMPA, in harvested seeds o f d iffe re n t g lyph osa te -re s is tan t soybean 
varieties grow n in w ide ly  separa ted  g e og raph ica l reg ions. Even th o u g h  the  
g lyphosate  app lica tions  were at legal, b u t at re la tive ly  h igh rates and late 
tim ing , the  residues were w ith in  estab lished  to le ran ce  levels. W e were 
surprised to  f in d  h igher AM P A than g lyph osa te  levels, since p lan ts  are 
th o u g h t to  de g ra de  g lyphosa te  very litt le , if at all (Duke, 1988; Duke e t al., 
2003a). This w o rk  also in d ica ted  th a t residues can be fo u n d  in seeds o f 
n o n -tran sge n ic  soybean g ro w n  in p ro x im ity  to  g lyp h o sa te -re s is ta n t 
soybeans, appa ren tly  due to  h e rb ic ide  d rift. These fin d in g s  led to  a study 
tha t ind ica ted  th e  occasional p h y to to x ic ity  caused by g lyphosa te  in 
g lyphosate -res is tan t soybeans is due  to  A M P A  accum ula tion  (Reddy et al., 
2004), a com p o u n d  known to  be p h y to to x ic  (H oag land, 1980). W e have 
found  no pu b lica tions  on g lyph osa te  residues in g lyphosa te -res is tan t crops 
o th e r than soybean.
G lufosinate is n o t a RUP and is so ld  fo r hom e w e ed  con tro l in the  USA. Its 
acute oral to x ic ity  in rats is an LD® o f ca. 2.2 g /kg . The he rb ic ide  ta rg e t site, 
g lu tam ine synthetase is also fo u n d  in anim als. G lu fos ina te  chem ica lly  
resem bles g lu tam ine , a m o lecu le  used to  transm it nerve im pulses in the  
brain.
Ebert e t al. (1990) conc luded  in an extensive review  th a t g lu fos ina te  is safe 
under con d itions  o f reco m m en ded  use. Similarly, Hack e t al. (1994) also 
concluded from  th e ir s tud ies th a t g lu fos ina te  is un like ly  to  cause health 
effects o f e ith e r users o r consum ers w hen used as d irec ted .
N euro tox ic  sym ptom s observed  in la bo ra to ry  anim als fo llo w in g  ingestion
of high levels o f g lu fosinate include convulsions, diarrhea, aggressiveness, 
and d isequilibrium . G lufosinate can cause neurotoxicity, a lthough the  
m echanism  is unclear (W atanabe and Sato, 1998). This h e rb ic ide  
apparently does no t poison mammals by its inh ib ition  o f g lu tam ine 
synthetase, the  herb ic ide target, bu t causes ep ile p tic  activity via nitric  
ox ide p roduction  th rough activation o f the N -m ethyl-D -aspartate receptor 
(Lapouble e t a/., 2002).
In a study to  de term ine if g lufosinate app lied  to  g lufosinate-resistant maize 
and canola cou ld lead to  an increase in herb ic ide residues o r to  the 
fo rm ation  o f new m etabo lites, Ruhland et al. (2004) found  tha t L- 
g lu fos ina te  was in the  fo rm  o f known m etabo lites  and the parent 
com pound in bo th  maize and canola. The highest con ten t was in leaves, 
and the lowest in grain. No levels were found above the  established 
to lerance levels.
7.2 Changes in feed and food safety and quality due to the transgene
A transgene m ight pose a foo d  safety risk for tw o basic reasons. First, the 
transgene itself could be toxic, due to  d irect toxicity, antinutritive effects, or 
allergenic effects. Second, the gene could cause a change in the m etabolic 
pathways o f the crop changing the levels o f already existing m etabolites or 
in troducing a new m etabolite . The latter risk can be due either to  a d irect 
e ffect o f the transgene p roduct or to  insertion in to  the genom e at a place 
tha t alters expression o f o ther genes. In the  case o f HRCs, where no 
m etabolic pathway is purposefully altered, there is less probab ility  tha t new 
com pounds o ther than herbicide residues will end up in the ed ib le  parts o f 
the  crop. New pro filing  m ethods can be used to  de tect changes in 
m etabolic pathways (Cellini et al., 2004; Kuiper e t al., 2002).
Harrison e t al. (1996) provide the  details o f the  safety evalution fo r the  CP4 
EPSPS enzyme in troduced in to  soybean to  prov ide glyphosate resistance. 
The pro te in  was found to  be 1) non-toxic to  m ice when consum ed at doses 
thousands o f tim es higher than po tentia l human exposure, 2) readily 
degraded by d igestive fluids, and 3) no t structurally or functiona lly  re lated 
to  any known pro te in  allergens or toxins, based on am ino acid sequence 
hom ology searches.
Health Canada's review o f the  in fo rm ation presented in support o f the  foo d  
use o f refined oil from  g lu fosinate resistant canola line HCN92 concluded 
tha t such refined oil does no t raise concerns re lated to  safety. Health 
Canada is o f the  op in ion  tha t refined oil from  canola line HCN92 is as safe 
and nu tritiou s  as re fined  o il from  curren t com m erc ia l va rie ties  
( h t t p : / / w w w . h c - s c . g c . c a / f o o d - a l i m e n t / m h - d m / o f b - b b a / n f i -  
ani/e_nf7web00.htm l). The nu tritional p roperties o f g lu fosinate-resistan t
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sugarbeets and maize grains were found  to  be essentially equiva lent to  
non-transgenic cultivars in feed ing  studies w ith swine and rum inants 
(Bohm e e t al., 2001).
S tudies w ith  g lyphosate -res is tan t maize line GA21 evaluated the  
com positiona l and nutritional safety o f maize line GA21 com pared to  tha t of 
conventional maize (Sidhu e t al., 2000). C om positional analyses were 
conducted to  measure proxim ate, fiber, am ino acid, fatty acid, and mineral 
contents o f grain and proxim ate, fiber, and mineral contents o f forage 
co llected from  sixteen fie ld  sites over tw o grow ing seasons. Similarly, 
T u te l'ian  e t al. (2001) found  no com pos itiona l d ifferences betw een 
conventional maize and maize line GA 21. The nutritional safety o f maize line 
GA21 was also evaluated by Sidhu e t al. (2000) in a poultry feeding study. 
Results from  the pou ltry  feed ing  study showed tha t there were no 
differences in growth, feed efficiency, adjusted feed efficiency, and fa t pad 
weights between chickens fed w ith GA21 grain or w ith parental contro l grain. 
These data taken toge ther dem onstrate tha t glyphosate-resistant GA21 
maize is as safe and nutritious as conventional maize fo r food  and feed use. 
Several o th e r studies have found  no substantial difference in the nutrien t 
con ten t o f glyphosate-resistant and non-transgenic crops. These studies 
include maize (Ridley e t al., 2002; Autran e t al., 2003), soybean (Padgette et 
al., 1996b), wheat (O bert e t al., 2004), and co tton  (Nida e t al., 1996). In the 
A u tran  e t al. (2003) study, the  characteris tics o f g lyphosa te - and 
glufosinate-resistan t maize in d iffe rent foods (e.g., beer, hominy, oil, grits) 
were com pared and found  to  be no t substantia lly d iffe ren t than the 
respective, non-transgenic parental lines.
G lyphosate targets the shikim ate pathway (Duke e t al., 2003a), and the 
es trog en ic  iso flavones o f soybeans are p ro du c ts  o f th is  pathway. 
G lyphosate resistance from  the CP4 EPSPS gene is no t always com ple te 
(Pline e t al., 2002), and glyphosate pre ferentia lly  translocates to  m etabolic 
sinks such as seeds (Duke, 1988). Therefore, we reasoned tha t at relatively 
high and late applications o f g lyphosate to  glyphosate-resistant soybeans, 
a reduction o f the  con ten t o f these com pounds cou ld occur. In a well- 
rep lica ted fie ld  study at tw o  sites, hundred o f kilom eters apart, we found 
no s ign ificant effects o f g lyphosate on isoflavones (Duke e t al., 2003b). 
Earlier, Lappe e t al. (1999) reported  reductions o f isoflavone levels on 
glyphosate-resistant soybean varieties in the  absence o f g lyphosate (i.e., a 
p le io trop ic  e ffec t o f the  CP4 gene). However, th is study was no t done by 
com paring isogenic lines. Padgette e t al. (1996b) found  no effects o f the 
transgene on isoflavone con ten t o f soybean.
Table 9 summarizes m ost o f the  pub lished results o f animal feed ing  studies 
w ith  g lyphosate-resistant crops. A ll studies suppo rt the  view tha t fo o d  from
Table 9. Results o f animal feed ing studies w ith g lyphosate resistant crops
Crop Animal Result Reference
maize rat no e ffec t H am m ond e t a/., 2004
maize swine no e ffec t Hyun e t a/., 2004
maize cattle no e ffec t Erickson e t a/., 2003
maize da iry  ca ttle no e ffec t 
no e ffec t 
no e ffec t
D onkin e t al., 2003 
Ipharraguerre e t al., 2003 
G rant e t al., 2003
maize po u ltry no e ffect Sidhu e t al., 2000
soybean rat no e ffec t 
no e ffec t
Zhu e t al., 2004 
Ham m ond e t al., 1996
soybean mice no e ffec t Brake and Evenson, 2004
soybean swine no e ffec t C rom w ell e t al., 2002
soybean da iry ca ttle no e ffec t H am m ond e t al., 1996
soybean catfish no e ffec t H am m ond e t al., 1996
soybean po u ltry no e ffec t H am m ond e t a/., 1996
canola ra inbow  tro u t no e ffec t Brown e t al., 2003
canola po u ltry no e ffec t Taylor e t al., 2004
glyphosate-resistant crops is substantia lly equiva lent to  non-transgenic 
crops. In add ition  to  these studies, no evidence o f the CP4 gene o r its 
p ro te in  p roduc t could be de tec ted  in pork from  swine fed  glyphosate- 
resistant soybean meal (Jennings e t a/., 2003). N o effects on glyphosate- 
resistant soybeans cou ld be found  on the im m une system o f m ice (Teshima 
e t a/., 2000).
The po tentia l a llergenic properties o f the pro te in  products o f transgenes 
m ust be de te rm ined  be fore approval. These data are p ro v id ed  to  
regulatory agencies, bu t publications on this to p ic  are scarce. However,
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the re  are a few pub lished studies showing no allergenic properties of 
transgene products associated w ith HRCs. Sten et al. (2004), in a study w ith 
soybean-sensitized patients, found  tha t the a llergen ic ity o f ten glyphosate- 
resistant and e igh t non-transgenic soybean cultivars were not d ifferent. 
C hang e t al. (2003) found no sign ificant a llergen ic ity to  rats o f the CP4 
EPSPS gene p roduct conferring g lyphosate resistance.
A  last, b u t understudied, aspect o f foo d  quality and HRCs is the ir influence 
on con tam ination  o f fo o d  w ith po isonous weed seeds. W eed seeds can be 
sources o f tox ic  com pounds (e.g., Powell e t al., 1990). HRCs are generally 
m ore weed-free than conventional crops, resulting in less fore ign matter, 
in c lud ing  w eed seeds, in the  harvested p roduc t (Shaw and Bray, 2003; 
C anola Council o f Canada, 2001). Therefore, the re  is less like lihood o f 
s ign ifican t contam ination o f harvested fo o d  w ith tox ic  weed seeds in HRCs 
than w ith  conventional crops.
8. HERBICIDE-RESISTANT WEEDS
This section will deal w ith weed problem s fo r farmers tha t may or w ill occur 
because o f the  use o f HRCs. A lthough g lyphosate and g lufosinate are non- 
selective, broad-spectrum  herbicides, they cannot contro l all p lan t species 
or b io types at recom m ended dose rates. Thus, w eed species or b iotypes 
w ith  high levels o f natural resistance can fill the ecologica l niches vacated 
in the  agroecosytem  in HRC c ropp ing  systems (Section 8.1). W eeds can 
evolve resistance to  herbicides, especially when they are used year after 
year (Section 8.2). HRCs can becom e feral in some situations, creating a 
w eed th a t cannot be con tro lled  w ith the  herb ic ide to  which it has been 
eng ineered to  be resistant (Section 8.3). The gene(s) conferring herbicide 
resistance to  the crop can move to  weedy relatives by outcrossing, causing 
a m ore p rob lem atic  weed (Section 8.4). Lastly, the  HRC gene can move to  
non-transgenic crops o f the  same species, creating weed and econom ic 
prob lem s (Section 8.5). A ll o f these scenarios are occurring already in 
g lyph osa te -re s is tan t crops. Thus, to  com b a t the  w eed p rob lem s 
associated w ith these developm ents, farmers are be g inn ing  to  apply o ther 
herbicides w ith  these 'non-se lective ' herbicides (e .g ., Grichar e t al., 2004). 
In a m ode ling  study tha t analyzed 1356 po ten tia l in teractions between 
b io log ica l, chem ical, and physical factors fo r po ten tia l hazard associated 
w ith  herbic ide-resistant canola, Hayes e t al. (2004) found  the  incidence o f 
herb ic ide-resistant weeds (both w ild  w eed and crop volunteers) to  be the 
m ost p robab le  risk. A lm ost all o f the  changes in vegeta tion  resu lting from  
HRC use at th is tim e  are prob lem s fo r farmers, b u t no t fo r the  general 
public.
8.1 Weed shifts
A lthough g lyphosate and glufosinate are broad-spectrum , non-se lective 
herbicides, d iffe rent species and d iffe rent b io types w ith in  species have 
d iffe rent levels o f natural resistance to  these herbicides. Levels o f natural 
resistance also can vary dram atically w ith grow th stage. For exam ple, the  
fo llow ing  weeds, w ith the ir Brazilian com m on name, are not weeds tha t 
have evolved resistance, bu t are d ifficu lt to  con tro l w ith g lyphosate due to  
th e ir natural resistance: Cham aesyce hirta (erva-de-Santa-Luzia), 
Commelina benghalensis (Trapoeraba), Sperm acoce latifolia (erva-quente), 
Euphorbia heterophyila (am endoim -bravo), Richardia brasiliensis (poaia- 
branca), and Ipomoea  ssp. (corda-de-viola) (B righenti, 2004). G enetic  
variation in g lyphosate resistance exists in w eedy m orn ingg lo ry  species 
(Baucom and M auricio, 2004). The more glyphosate-resistan t b io types 
were found to  produce fewer seeds, so th is tra it may be a fitness 
disadvantage in the  absence o f glyphosate. The popu la tions o f naturally- 
resistant species were expected to  increase in g lyphosate-resistant crops if 
the  crops are grown continuously (Shaner, 2000), lead ing to  h igher 
glyphosate app lica tion  rates or the  necessity o f using o ther herbicides. 
Furtherm ore, w ith  g lyphosate and the  slow evo lu tion  o f resistance to  it, 
w eed species o r b io type  shifts should occur m ore rap id ly than evo lu tion  o f 
resistance. The predictions o f Shaner (2000) have been borne out. 
W aterhem p (Amaranthus rudis and A. tuberculatus) b io types possess 
extrem ely variable levels o f susceptib ility  to  g lyphosate (Patzoldt e t al.,
2002). Com m on w ate rhem p (Amaranthus rudis) and ve lve tlea f (Abutilon  
theophrasti), which are no t effective ly con tro lled  by glyphosate, becam e a 
greater prob lem  in glyphosate-resistant soybean in Iowa a fte r a short 
pe rio d  (Owen 1997). A  Kansas study showed tha t ivyleaf m o rn ing g lo ry  
(Ipomoea hederacea ) and large crabgrass (Digitaria sanguinalis) tha t were 
no t con tro lled  well by g lyphosate dom ina ted  the  weed com m unity  in a 
corn-soybean rotation using glyphosate app lica tions fo r w eed con tro l 
(Marshall et al., 2000). In a sim ilar study, C ob le  and W arren (1997) rep o rted  
tha t m orn ingg lo ry  species increased in abundance w ith  the con tinuous 3- 
year use o f g lyphosate com pared w ith o the r herb ic ide  program s. O th e r 
weed species tha t possess som e level o f natural resistance to  g lyphosate  
include nutsedge species (Cyperus spp.), marestail (Conyza canadensis), 
and hem p sesbania (Sesbania exaltata) (Shaner, 2000). The re la tive ly  high 
level o f natural resistance o f marestail to  g lyphosate cou ld have a ided in its 
evo lu tion o f a h igher level o f resistance (see Section 8.2).
A  f ie ld  study tha t was conducted from  1999 th rou gh  2001 in M ississippi, to  
de term ine the  effects o f brom oxynil-resistant and glyphosate -res is tan t 
co tton  ro tation systems on weed contro l and co tton  yie ld, ind ica ted  a shift
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in th e  spectrum  o f weeds tow ard m ore naturally herbicide-resistant species 
(Reddy, 2004). Reddy conc luded tha t a yie ld decline  in continuous 
brom oxyn il-res is tant co tton  due to  species shifts can be prevented by 
ro ta tin g  brom oxyn il-resistant w ith glyphosate-resistant co tton . The farm er 
no lo ng e r has this o p tion  due to  the w ithdrawal o f brom oxynil-resistant 
c o tto n  from  the  market.
N o t all cases o f weed shifts are due to  natural resistance to  the herbicide. 
H ilgen fie ld  et al. (2004) po in te d  ou t tha t weed shifts cou ld also be due to  
the  avoidance o f g lyphosate by deve lopm ent at tim es tha t are unlikely to  
be under g lyphosate selection pressure. In a study w ith a range o f weed 
species, vary ing  in tim e  o f seed ling  em ergence and sensitiv ity  to  
g lyphosate , they found  ivyleaf m orn ingg lory to  bo th  be tte r survive the 
he rb ic ide  after em ergence and to  avoid it by late em ergence. Shattercane 
(Sorghum bicolor) avo ided glyphosate applications by late emergence.
In the  U.S.A., the re  have already been increasing popu la tions o f naturally 
resistant species and b io types in g lyphosate-resistant crops, requiring 
o ther herb ic ides to  be used frequently  w ith HRC herbicides in HRCs (e.g., 
G richar et al., 2004; Johnson e t al., 2002). Evaluating pest m anagem ent 
im p lica tio n s  o f g lyphosa te -res is tance  in w heat, Lyon e t al. (2002), 
considered th a t a lack o f an equally effective and affordable herb ic ide as 
g lyphosate w ou ld  increase the possib ility  o f over reliance on glyphosate, 
le a d in g  to  species shifts, w ith  unknow n consequences fo r w eed 
m anagem ent in wheat.
The reduction  and e lim ination  o f tillage  tha t has been encouraged by the 
ad op tion  o f HRCs (Figure 3 & 4) also causes shifts in weed species (e.g., 
Swanton e t al., 1999).
8.2 Evolved resistance
An exce llent w eb site exists tha t cata logues all verified cases o f evolved 
resistance to  herbicides (Heap e t al., 2004). A fte r a long lag phase, the 
cases o f evo lved herb ic ide resistance to  all herbicides have grown linearly 
since the  late 1970s, reaching m ore than 250 resistant b io types by 2004. 
O nly one o f these cases has been associated w ith a HRC. Relatively little  
evo lved resistance is associated w ith the three herbicides tha t have been 
used w ith HRCs.
Evolved brom oxyn il resistance was de tec ted  in1995 in com m on groundsel 
(Senecio  vulgaris) g row ing in a non-transgenic co tton  fie ld  in O regon 
(M allory-Sm ith, 1998). The mechanism o f resistance has no t been reported. 
No o ther cases o f evo lved resistance to  brom oxyn il have been reported 
w ith  any crops, inc lud ing  brom oxyn il-resistant crops (Heap e t al., 2004). 
Apparently, no resistance has evolved to  g lufosinate (Heap et al., 2004).
This herb ic ide has no t been used as extensively as g lyphosate or m ost o f 
the o ther herbicides to  which resistance has evolved.
Considering the  com plex m anipulations tha t were required to  produce an 
e ffec tive  transgene fo r im p a rtin g  g lyphosa te  resistance, M onsanto  
Com pany considered it unlikely tha t a sim ilar type  o f resistance w ould 
evolve in weeds (Bradshaw e t al., 1997). However, since this publication, 
several weed species have evolved resistance to  g lyphosate (Heap e t al., 
2004) (Table 10), apparently th rough several d iffe ren t mechanisms.
We do no t have a g o od  understand ing o f the  mechanism o f resistance in 
Lolium  spp., a lthough it is apparently not due to  an altered EPSPS (Baerson 
e t al., 2002a). W hen the susceptib le and resistant b io types o f the Californ ia 
L. rigidum  are tre a te d  w ith  g lyphosa te , the  suscep tib le  b io ty p e  
accum ulates te n -fo ld  m ore shikim ic acid than the  resistant b io type  
(Simarmata e t al., 2003). This result, coup led w ith  the evidence o f no 
enhanced degrada tion  o f shikim ate in the  resistant b io type , indicates 
d ifferentia l effects o f g lyphosate on In vivo EPSPS activity. This conclusion 
is consistent w ith the  conclusion o f Lorraine-Colw ill e t al. (2003) tha t 
resistance is based on differences in cellular transport and translocation, 
ind ica ting  tha t g lyphosate is no t reaching the m olecular ta rg e t site in much 
o f the p lant tissues. Evolved resistance in Eleusine indica is due to  a 
resistant form  o f EPSP (Baerson e t al., 2002b). This gene has been pa ten ted  
fo r use in p roducing glyphosate-resistant crops (Baerson et al., 2004). A ll o f 
these cases o f evolved glyphosate resistance to o k  place in non-transgenic 
crop situations except tha t o f Conyza spp. In the  U.S.A., this species 
evolved resistance to  g lyphosate largely o r en tire ly in g lyphosate-resistant 
soybeans (e.g., VanGessel, 2001). Its mechanism o f resistance is apparently 
reduced translocation o f the  herb ic ide (Feng e t a l, 2004)’ W ith  the  
con tinued extensive use o f glyphosate-resistant crops, m ore cases o f 
evolved glyphosate-resistant weeds are expected to  em erge.
8.3 Feral crops
Feral versions o f crop species exist, and gene flow  to  these b io types is o f 
great concern. This to p ic  is dea lt w ith in Section 8.4. However, HRC 
techno logy may con tribu te  to  current HRCs them selves becom ing  a 
greater prob lem  as vo lun teer or feral crops. M ost dom estic  crops d o  not 
persist in a natural ecosystem, b u t they can be prob lem s in agricu ltural 
fie lds when ro ta ting  crops, especially if they are resistant to  th e  herbicide(s) 
used w ith the  subsequent crop. This prob lem  can be exacerbated w ith 
HRCs if tw o  crops used in ro ta tion are m ade resistant to  the  same 
herbicide. For exam ple, York.et al. (2004) found  glyphosate-resistant co tton  
to  be a prob lem  in subsequent crops o f g lyphosate-resistant soybean.
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Table 10. W eed species tha t have evolved resistance to  g lyphosate (data 
from  Heap e t a/., 2004)
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Feral co tton  in soybeans can be a prob lem  in harboring unde tected  co tton  
bo ll weevils. Volunteer HRC canola and wheat cou ld pose problem s in 
w eed contro l in conservation tillage  systems in the  Pacific Northw est o f the 
U.S.A. (Rainbolt e t a/., 2004). These systems currently rely on g lyphosate for 
w eed contro l during fa llow  and be fore p lan ting. Thus, con tinued use o f a 
s ing le  herb ic ide w ith a HRC w ill make this prob lem  worse.
8.4 Introgression of herbicide resistance transgenes to  weeds
Introgression is the m ovem ent o f a gene o r genes from  do no r plants to  
sexually com patib le  rec ip ient plants o f a d iffe ren t geno type (e.g., d iffe rent 
species, variety, or b io type) by sexual crossing, fo llow ed  by backcrossing o f 
the  hybrid w ith  the rec ip ient popu la tion  until the  gene is stab ilized in the 
popu la tion . This process is som etim es called gene flow. Gressel (2002a) 
po in ts  out th a t there are m ore con firm ed cases o f gene flow  from  weeds 
to  crops than vice versa. Gene flow  betw een plants may occur if the  source 
and recip ient plants are grown close enough to  each other. However, 
po llen  can be carried fo r long distances by w ind, water, insects, and
animals. So, increased distance on ly reduces, b u t does no t e lim inate the 
p robab ility  o f gene flow. Also, to  occur, the  po ten tia l gene source and 
recip ient popu la tions must flow er at the same tim e  and m ust be open- 
po llina te d . For fu ll m ovem en t o f the  gene o r genes in to  ano the r 
popu la tion , several backcrosses are required. Introgression o f herb ic ide 
resistance transgenes in to  weedy species has the  po ten tia l to  exacerbate 
the prob lem s w ith  existing weed species in HRCs or to  create a new weed 
prob lem  w ith species tha t are norm ally not a prob lem . Introgression is 
m ore likely fo r HRC transgenes tha t fo r o ther transgenes, in tha t the 
herb ic ide  used w ith the  HRC selects fo r crosses be tw een species, 
e lim ina ting  com p e titio n  from  plants w ith ou t the  transgene. Hybrids 
between species or between crops and weedy variants o f the  crop are 
o ften unfit (e.g., Lefol e t al., 1996; Scheffler and Dale, 1994). The herb ic ide 
may enhance the  survival o f un fit crosses tha t m igh t no t survive under 
normal com petitive  situations, a llow ing the  survivors to  backcross w ith  the 
non-crop parent, resulting in eventual in trogression o f th e  HRC transgene 
in to  the high ly fit, w ild  popu lation.
A ll crops are naturally resistant to  m ost o f the  selective herb ic ides th a t are 
used w ith them . This natural resistance has a gene tic  basis. A ltho ug h  there  
are hundreds o f cases o f evolved resistance o f weeds in fie lds  o f non- 
transgenic crops (Heap e t al., 2004), there are no proven cases o f 
introgression o f herb ic ide resistance gene(s) from  a naturally-resistant crop 
to  an associated weed. This may, in part, be due to  the  fact tha t closely 
re lated weeds are often also naturally resistant to  th e  same selective 
herbicides. This is no t the  case w ith  HRCs.
Gressel (2002a), Gressel (2002b) and Kwon and Kim (2001) have reviewed 
the risks fo r introgression o f transgenes from  various crops in to  w eedy 
relatives.
A m ong the  transgen ic HRCs grown in the  U.S.A., only canola has w eedy 
relatives w ith which it cou ld in terbreed. In N orth  Am erica Brassica rapa is 
the  only species w ith which it readily in terbreeds (Légère, 2005). However, 
there is no evidence yet o f in trogression o f herb ic ide resistance genes in to  
w ild  plants where HRC canola is grown. Scheffler and Dale (1994) reviewed 
outcrossing o f canola w ith  weedy relatives in Europe and conc luded  tha t 
p o o r v igor and high sterility  in the hybrids will generally mean th a t hybrids 
and the ir progeny will no t survive in e ither an agricu ltura l o r a natural 
habitat. In a study to  measure the  fate o f a herb ic ide resistance transgene 
escaping from  canola to  6. rapa in the  absence o f the  herb ic ide , Lu e t al. 
(2003) found the gene frequency was reduced from  50% in th e  firs t 
backcross to  0.1% in backcross generation fou r if the  gene was on an A  
chrom osom e. Transmission was less if the  transgene  was on a C
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chrom osom e. U nder the selection pressure o f spraying the herb ic ide to  
which the  transgene conferred resistance, the  frequency o f the transgene 
reached a stab le  value o f abou t 5.5% w ith in six generations o f successive 
backcrossing. They suggested tha t the  transgenic cultivars should be 
d e ve lope d  by in tegra ting  the herb ic ide resistant gene on a C chrom osom e 
or a cytop lasm  genom e and cu ltivated rotationa lly by year(s) w ith o ther 
non-transgen ic varieties in order to  reduce the  transfer o f the transgene to  
w ild  8. rapa species. W ith  some weedy relatives o f 8. napus, such as 
Sinapis arvensis, gene transfer from  8. napus in the fie ld  is very rare or non­
existent (Moyes e t al., 2002).
M aize genes cou ld  theo re tica lly  in trogress in to  teos in te  (Euchlaena 
mexicana), the  species from  which maize orig ina ted , since the tw o species 
can in te rb reed  (D oeb ly and Stec, 1993). Teosinte is found  only in M exico 
and Central Am erica, and has no t yet been reported  to  be contam inated 
w ith trangenes, a lthough this possib ility  and the consequences o f it are 
discussed in deta il in a recent report (North Am erican Com m ission for 
Environm ental C oopera tion , 2004).
Rice and w heat are tw o  crops tha t have been made resistant to  herbicides 
th rough  non-transgen ic m ethods. Both have weedy relatives w ith which 
they can in te rb reed  in the USA. Tracking gene flow  to  these species should 
g ive us an accurate indication o f how rap id ly transgenes w ou ld  move to  
these crop relatives under the selection pressure o f the  herbicide. Non- 
transgenic, im idazo linone-resistant rice is now available (Table 1), and 
transgen ic HRC rice may reach the m arket in the near future. Rice readily 
in te rbreeds w ith  a feral form  o f rice called red rice in North America 
(M esseguer e t al., 2004; Zhang e t al., 2003) and in Asia it in terbreeds w ith 
feral form s o f Oryza sativa and a weedy re lated species, O. rufipogon 
(Chen e t al., 2004). O ard  e t al. (2000) found  under fie ld  conditions, tha t the 
progeny from  crosses o f red rice and transgenic rice w ith the bar gene 
con ferring  g lu fos ina te  resistance were apparently fit.
In the  case o f wheat, crosses o f non-transgenic, im idazolinone-resistant 
wheat and A eg ilop s cylindrica were d iscovered after on ly one year o f 
in troduction  o f the  crop (Seefeldt e t al., 1998). Crosses between these 
species are apparen tly  more likely w ith some wheat varieties than others 
(Stone and Peeper, 2004). Putting the  herb ic ide resistance transgene on 
the  A  or B genom e o f wheat w ill apparently prevent the  m ovem ent to 
Aeg ilops cylindrica (Wang e t al., 2001). However, genes o f the D genom e 
o f wheat can readily introgress in to  Aegilops cylindrica (Kroiss e t al., 2004). 
G lyphosate-resistant creeping bentgrass (Agrostis stolonifera  L.), a w ind- 
po llina ted  perennia l, is be ing tested as a herbic ide-resistant p lan t fo r use 
as a tu rf grass. Recent studies have shown th a t the  CP4 EPSPS gene is
readily transm itted  to  non-transgenic bentgrass (W atrud e t al., 2004). This 
was no t a surprising result. Bentgrass is no t a troub lesom e weed, b u t if it 
were glyphosate-resistant it m ight becom e a prob lem  in g lyphosate - 
resistant crops.
There is g o od  po tentia l fo r introgression o f transgenes from  sunflow er 
(Linder e t al., 1998) and sugarbeet (Desplanque e t al., 1999), as well as 
many o ther crops, to  w ild  relatives.
The transfer o f transgenes from  soybean to  weedy relatives is no t 
considered a risk in the  W estern Hem isphere (which accounts fo r  abou t 
83% o f the to ta l soybean acreage worldw ide), because the re  are no 
sexually com patib le  relatives o f soybean grow ing w ild  in the  Am ericas. 
Similarly, there are no weedy relatives o f co tton  in N o rth  Am erica. 
However, it is d ifficu lt to  com ple te ly  restrict a cultivar to  a pa rticu lar area, 
as evidenced by the illegal g row ing o f glyphosate-resistant soybean by 
some farmers in Brazil (Flaskerud, 2003) and the  gene from  transgen ic 
maize m oving in to non-transgenic maize land races in M exico, where the 
transgen ic  crop is no t lega l (N orth  Am erican C om m iss ion  fo r 
Environmental C ooperation, 2004).
8.5. Gene flow to  non-transgenic crops
Gene flow  to  non-transgenic crops o f the  same species is much m ore likely 
than outcrossing w ith o ther species. The transgene's presence in an 
un in tended cultivar can result in weed problem s w ith vo lun te e r p lan ts in 
the  subsequent year when the farm er grows another crop th a t has been 
made resistant to  the herb ic ide fo r which the  gene confers resistance. 
N on-transgenic crops tha t are con tam inated w ith transgenes may n o t be 
accepted by som e markets, depend ing  on the  degree o f con tam ina tion  
and the market. For some crops, such as soybean, ou tcrossing  is not 
considered a s ign ifican t p rob lem , b u t fo r rice, maize, and  canola, 
considerable outcrossing can occur.
In Canada, gene flow  between fie lds o f brom oxynil-, g lu fos ina te -, and 
glyphosate-resistant canola and non-transgenic canola has resu lted in 
herb ic ide resistance transgenes in several com binations be in g  p resen t in 
fie lds tha t were supposed to  contain on ly non-transgenic canola (Hall e t al., 
2000). Gene flow  between transgenic and non-transgenic canola can be 
substantial (Rieger e t al., 2002). M odels have been used to  p re d ic t the 
effects o f c ropp ing  systems on gene flow  from  herb ic ide-res is tan t canola 
to  non-transgenic canola (Colbach e t al., 2001a, b). M e tho ds  have been 
deve loped to  contro l m u ltip le  herbicide-resistant vo lun teer canola caused 
by gene flow  (Beckie e t al., 2004).
Maize genes cou ld theore tica lly  introgress in to  land races o f maize, and at
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least one  pape r has cla im ed tha t th is has already happened (Quist and 
Chapela, 2001). There was considerab le controversy over this paper, and 
the jo u rn a l conc luded  tha t a lthough "the  evidence is not suffic ient to  
justify  th e  pu b lica tio n  o f the orig ina l paper", it was best “ to  allow  readers 
to  ju d g e  the  science fo r them selves" (Anon, 2002). However, a recent 
report has again sta ted tha t there has been gene flow  to  maize landraces 
in M exico  (N orth  Am erican C om m ission.fo r Environmental C ooperation,
2004).
9. INTROGRESSION OF TRANSGENES A N D  THE NATURAL ENVIRONMENT
W e know  re la tive ly  little  abou t introgression o f genes from  crops in to w ild 
relatives and the  po ten tia l im pact o f th is on natural ecosystems. Many o f 
the  tra its  necessary fo r survival in a natural environm ent have been bred 
ou t o f c rop  species, as dem onstra ted by the very few crops tha t have feral 
representatives in natural habitats. Few crops can survive in the w ild  for 
m ore than a year. M ost herb ic ide resistance transgenes w ou ld  provide no 
survival b e n e fit in a natural environm ent. This to p ic  has been previously 
discussed (S tewart e t al., 2003). However, there are transgene-im parted 
m echanism s o f he rb ic ide  resistance, such as non-specific  m etabo lic  
degrada tion  (D id ie rjean e t a/., 2002) or non-specific m etabo lic  pum ps fo r 
xenob io tics  (W indsor e t al., 2003), tha t cou ld prov ide cross resistance to  
pa thogens th a t have phytotox ins as pa rt o f th e ir viru lence mechanism. The 
b io tech no log y  industry  has thus far chosen not to  com m ercialize crops 
w ith  such transgenes.
A  persuasive a rgum ent can be made tha t a herb ic ide resistance gene 
should have no fitness advantage in a natural habitat. In a few cases, 
herb ic ide  resistance appears to  result in lowered fitness; however, the  HRC 
genes used in com m ercia l crop varieties at th is tim e seem to  be fitness 
neutral. Thus, we w ou ld  expect no e ffect o f these genes on natural 
ecosystems if in trogressed in to  w ild  plants. W hen the herb ic ide resistance 
gene is cou p led  w ith  another transgene tha t w ou ld  provide a natural 
ecosystem  fitne ss  advan tage (e.g., disease, insect, d ro ug h t, or 
tem pera tu re  ex trem e resistance), there is a po ten tia l prob lem  w ith the 
herb ic ide resistance transgene. W hen bo th  genes are used, the use o f the 
herb ic ide  in th e  presence o f the  hybrid  w ill favor backcrossing until the 
gene  con fe rrin g  th e  fitness advan tage is in trogressed in to  a w ild  
popu la tion . A t th is  tim e, insect and herb ic ide  resistance transgenes are 
coupled in m aize and cotton . The N orth  Am erican Com m ission fo r 
Environm ental C o op era tio n  (2004) repo rt claims tha t bo th  transgenes have 
entered th e  m aize land race popu la tions o f M exico.
M ovem en t o f fitness-enhanc ing  transgenes in to  w ild  popu la tions  is the 
on ly  non-revers ib le  risk o f transgen ic  crops. Thus, co n tro llin g  o r m itig a tin g  
m ovem en t o f transgenes to  w ild  po pu la tio ns  is h igh ly  desirab le . This to p ic  
has been  rev iew ed by Gressel (2002a). Som e o f the  approaches fo r the 
m itig a tio n  o r e lim in a tio n  o f in trogression o f transgenes p roposed  by 
Gressel (2002a) and o thers  are lis ted be low :
1) Do no t cou p le  he rb ic ide  resistance genes w ith  transgenes im parting  
fitness in natural habita ts. If he rb ic ide  resistance genes are used w ith 
transgenes im p a rtin g  fitness in natural ecosystems, the re  w ill be  less 
chance o f in trogress ion  be in g  enhanced by th e  he rb ic ide  if the  tw o  
genes are p u t on d iffe re n t chrom osom es.
2) P utting  th e  resistance gene  in to  the  p las tid  genom e (the plastom e) 
w o u ld  p reven t o r g rea tly  reduce gene  f lo w  th rou gh  po lle n  flow  (e.g., 
D anie ll e t al. 1998). Advances are be in g  m ade in p lastid  transfo rm a tion  
(reviewed by Zhang e t al., 2003 and M aliga , 2003). There is very litt le  
in fo rm a tion  on how  "fa ilsa fe " such a s tra tegy m ig h t be, since the re  is 
ev idence o f m ove m en t o f p las tom e genes th rou gh  po lle n  in several 
ang iosperm s (e.g., W ang e t al., 2004; Zhang and Sodm ergen, 2003).
3) Use sterile  varieties. Som e varie ties o r cultivars o f p lan ts p ropaga te  
vegetative ly, p ro d u c in g  no po llen . W ebste r e t al. (2003) recom m ended 
tr ip lo id , n o n -p o lle n -p ro d u c in g  o r -rece iv ing  cultivars o f berm udagrass 
fo r the  in tro d u c tio n  o f he rb ic ide  resistant tu rf. Some cultivars are male 
sterile . Luo e t al. (2004) de s ig ned  and synthesized ch im eric  gene 
constructs th a t p ro d u ce d  co m p le te  m ale s te rility  in c reep ing  bentgrass.
4) The transgene can be linked to  one th a t w o u ld  be de le te riou s  to  
survival in th e  w ild  (e.g., genes th a t p re ven t do rm ancy  o r seed 
sha tte ring ) (A l-A hm ad e t al., 2004; Gressel and A l-A hm ad , 2004).
5) Use reg u la to ry  e lem ents  th a t w ill n o t fun c tio n  in w eedy relatives 
(Gressel and A l-A hm ad , 2004).
6) Transgenes can be loca ted  in parts o f the  ge no m e  th a t are norm ally  no t 
sub ject to  in trogress ion  (S tewart e t al., 2003). For exam ple, in w heat, the 
A  and B genom es o f th is  tr ip lo id  crop  w ill n o t in trogress in to  jo in te d  
goatgrass (A nderson e t al., 2004).
7) H ybrid  te c h n o lo g y  can also be used. P lacing a do m in a n t transgene fo r 
he rb ic ide  resistance in th e  m ale sterile  line, w ith  close linkage w ith  the  
m ale s te rility  gene  w ill p re ven t in trogress ion  (Gressel, 2002a).
8) The con trovers ia l " te rm in a to r"  techno logy, th a t prevents seed v iab ility  
from  crosses w ith  the  transgen ic  crop, w o u ld  s top  in trogression (O liver 
e t al., 1998). To ou r know ledge , th is  te c h n o lo g y  has n o t been tes ted  in 
the  fie ld .
W e view  d e v e lo p m e n t and use o f "fa ilsa fe " m ethods  fo r  e lim ina ting
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in trogression as the  m ost im p o rta n t th in g  th a t cou ld  be done  to  reduce the 
p o ten tia l environm enta l im p ac t o f transgen ic  crops.
10. POTENTIAL EFFECTS O N  INVASIVE PLANT SPECIES
The in tro du c tion  o f exo tic , invasive p la n t species to  hab ita ts  w here the y  are 
no t native has caused inca lcu lab le  env ironm en ta l harm  th a t is rarely 
reversible and extrem e ly costly  to  m itig a te  (Carruthers, 2003). Part o f the  
spread o f these species is due  to  con tam in a tion  o f crops seeds w ith  those 
o f weeds. In Canada, ha rves ted  HRCs are m ore  w e e d fre e  than  
conven tiona l canola, resu lting  in less co n tam in a tion  o f harvested seed w ith  
w e ed  seed (Cano la C o u n c il o f  C anada, 2001). F o re ign  m a tte r in 
representative g lyphosa te -res is tan t and conven tiona l soybean systems was 
de te rm in e d  by eva lua ting  e leva to r rece ip ts  c o lle c te d  from  soybean 
producers in the  sou thern and m idw este rn  U n ited  States (Shaw and Bray,
2003). A  to ta l o f 16,535 ha were represented , o f which 13,903 were from  
glyphosate -res is tan t soybean and 2,632 were from  conven tiona l soybean. 
The average fo re ign  m a tte r c o n te n t from  the  g lyphosa te -res is tan t soybean 
was 1.9%, com pared  w ith  2.5% from  th e  conven tiona l soybean. The 
authors conc lude  tha t th e  g lyphosa te -res is tan t p rog ram  reduced fo re ign  
matter, an ind ica tion  o f reduced  w eed seed. W e assume th a t s im ilar results 
w ou ld  be fo u n d  fo r m ost o th e r HRCs. Thus, the  reduced  p o te n tia l fo r 
con tam ina tion  o f harvested seeds o f HRCs w ith  w eed seed cou ld  resu lt in 
a small bu t va luab le  red uc tio n  to  th e  risk o f th e  spread o f exo tic , invasive 
w eed species.
11. SUMMARY A N D  CONCLUSIONS
W e have p rov ided  an abb re v ia ted  survey o f the  p o te n tia l im pacts (risks and 
benefits) o f HRCs and th e  he rb ic ides  th a t are used w ith  them . C learly we, 
and many o f th e  authors th a t have w ritte n  on th is  to p ic , em phasize th a t 
risks and bene fits  are very g e o g ra p h y  and tim e  de pe n d e n t. In th e  con tex t 
o f the  rep laced he rb ic ides and a g ron om ic  practices, th e  health  and 
environm enta l bene fits  o f th e  he rb ic ide /H R C  com b in a tion s  th a t have been 
used are significant.
The only he rb ic ides curren tly  be in g  used w ith  HRCs, g lyphosa te  and 
glufosinate, are m ore en v ironm en ta lly  and to x ic o lo g ic a lly  b e n ign  than 
m any o f the he rb ic ides th a t th e y  rep lace. T he ir e ffects on soil, air, and 
w ater con tam ina tion  and on n o n -ta rg e t o rgan ism s are re la tive ly  small.
Soil erosion causes lo n g te rm  e n v iro n m e n ta l da m ag e . B e ing  b ro a d  
spectrum , fo lia rly  ap p lie d  herb ic ides, w ith  litt le  o r no activ ity  in soil,
glyphosate and g lufosinate are h igh ly com patib le  w ith reduced- o r no ­
tillage  agricu lture and have con tribu ted  to  the  adop tion  o f these practices 
in the W estern Hemisphere. This con tribu tion  to  environm enta l qua lity  by 
HRCs is perhaps the  m ost s ignificant one.
Transgenic foods are tested and evaluated fo r safety to  a m uch greater 
extent than trad itiona l foods tha t are usually derived by conventional 
b reed ing m ethods involving the  transfer o f many genes. New  crops and 
new crop varieties o f conventional crops are usually in troduced w ith o u t any 
testing  fo r safety o r nu tritional p roblem s re lated to  genetics. In contrast, a 
rigorous safety tes ting  parad igm  has been deve loped  fo r transgen ic crops 
which utilises a systematic, stepwise and holistic approach (reviewed by 
C ogburn, 2002). Regarding fo o d  quality, we agree w ith C ogburn  (2002), 
who concluded in an exhaustive review o f the  approval processes fo r 
transgenic food, tha t foods and feeds derived from  gene tica lly  m od ified  
crops are as safe and nutritious as those derived from  trad itiona l crops. The 
lack o f any adverse effects resulting from  the consum ption o f transgen ic 
crops grown on hundreds o f m illions o f cum ulative hectares over the  last 
10 years supports his conclusion.
A ll o f the po ten tia l environm enta l risks tha t we discuss above are reversible 
(even tha t o f soil erosion) and are in m ost cases no t exclusive to  transgen ic 
crops, except fo r those associated w ith flow  o f transgenes to  o th e r plants 
(the same species or o ther species). L ittle or no im pact o r risk is expected  
from  the HRC transgene if it introgresses in to  w ild  popu la tions, as it is 
fitness neutral. However, when the  HRC transgene is linked w ith  genes tha t 
cou ld provide a fitness advantage in a natural habita t, in trogression cou ld 
be a ided by e lim ination  o f com peting  plants o f the  hyb rid  by the  
herbic ide. O ver the  long term , this cou ld be the  greatest risk o f HRCs. 
Several m ethods cou ld be used to  prevent in trogession, b u t m ore  research 
should be done to  d iscover and /o r deve lop techno logy  to  p reven t it.
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